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Sommaire

Elastomeres d'azobenzene ont ete syathetises pour la premiere fois. Par polymerisation
radicalaire libre des monomeres de type methacrylate et acrylate portant une unite azobenzene
dans une solution dans laquelle un copolymere a trois blocs de styrene-butadiene-styrene (SBS)
est dissolu. Ie polymere cristallme liquide a chaine laterale (PCLCL) contenant 1'azobenzene est
greffe sur Ie bloc central caoutchouteux de polybutadiene (PB). Comme SB S, ce SB S greffe de
PCLCL azobenzene se comporte comme un elastomere fhermoplastique dont les microdomames
cylindriques de polystyrene (PS) agissent comme des points de reticulation physiques. Trois
PCLCL azobenzene, qui different en chaine prmcipale ou groupe temiinal sur 1'azobenzene, ont
ete utilises pour preparer les elastomeres d'azobenzene. Leurs films minces obtenus par coulee
de solution sont transparents et peuvent etre etires a la temperature ambiante de fa9on repetee.

Les effets de couplage entre la deformation elastique sous 1'action d'une force mecanique et la
photoisomerisation du chromophore azobenzene par une irradiation lumineuse dans ces
elastomeres out ete investigues a 1'aide de spectroscopies mfi-arouge et ultraviolet-visible
polarisees. Etirement d'un film induit efficacement une orientation a longue portee des
groupements mesogeniques azobenzene (dans sa forme de trans) dans la direction d'etirement.
Lorsque Ie fihn etire est expose a im faisceau UV, que ce soit polarise ou non-polarise,
F orientation mecaniquement induite peut etre effacee a la suite de la photoisomerisation de
Fazobenzene passant de la conformation trans a celle de cis, ce qui correspond a une transition
de phase photochimique passant d'une phase cristalline liquide a 1'etat isotrope. Sous 1'effet
d'lme irradiation subsequente dans Ie visible polarise ou non-polarise, la photoisomerisation de
Pazobenzene dans Ie sens oppose, c'est-a-dire de la forme cis a celle de trans, recupere

1'orientation des groupements azobenzene dans Ie fihn etire. Ce mecanisme de couplage d'effets
mecaniques et optiques a permis a la demonstration d'un 'switching' optique reversible entre
deux etats d'orientation differents. L'etude a aussi montre que Ie PCLCL greffe sur SBS est
important car ses temperatures de transition vitreuse et de mesophases determinent en grande
partie Ie degre de 1'orientation iaduite par etirement, alors que sa concentoration d'isomere cis a
1'etat photostatiommire affecte 1'effacement d'orientation par irradiation UV. En plus, il n'y a

pas d'evidence d'une reorientation de 1'azobenzene photoinduite dans Ie fihn etire lors d'une
irradiation UV lineairement polarisee; mais la contribution d'une orientation photomduite
pendant la recuperation d'orientation avec une irradiation visible polarise a ete mis en evidence.
Les fihns etires des elastomeres d'azobenzene ont ete utilises pour enregistrer des reseaux de
dif&action, soit par une exposition lumineuse UV a travers un photomasque, soit par im patron
d'mterference produit par deux faisceaux laser. Les mesures de 1'enregistrement dynamique
d'hologramme out revele la formation de deux reseaux de natures differentes. Le reseau forme
rapidement trouve son origine dans la conversion de Fazobenzene trans oriente a 1'azobenzene
cis desordonne, tant dis que pour celui developpe a temps d'exposition plus long, un
rearrangement structural de SBS, qui est active par la photoisomerisation d'azobenzene et qui
implique la relaxation des chaines PB et des microdomames de PS, semble etre responsable.
L'etude a montre 1'utilite unique des elastomeres d'azobenzene comme materiaux
holographiques elastiques, pour essentiellement deux raisons. D'une part, Felongation elastique
peut augmenter 1'efficacite diffi'actionnelle de reseau en introduisant une plus grande anisotropie
et ainsi ampUfiant la modulation d'indice de refraction. D'autre part, ime grande defonnation
reversible, caracteristique d'elastomeres, peut modifier la periode, 1'angle de diffraction et
1'efficacite dif&'actionnelle de reseau de fa9on reversible. Cette propriete foumit la base d'un
reglage ajustable du reseau par une simple deformation mecanique, ce qui est interessant pour la
conception des dispositifs optiques ajustables.

La recherche decrite dans cette these represente la premiere etude sur un elastomere portant
1'azobenzene avec 1'idee de coupler les effets mecaniques et optiques. L'etude realisee a
clairement demontre 1'interet de ce nouveau type de polymeres photoactifs dans la recherche de
materiaux optiques et photoniques avances.
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Abstract

Azobenzene-containing elastomers have been synthesized for fhe first time. By free radical
polymerization ofmefhacrylate or acrylate-based monomers bearing an azobenzene moiety in
solution with dissolved styrene-butadiene-styrene (SBS) triblock copolymer, azobenzene side-

chain liquid crystalline polymer (SCLCP) was grafted on the rubbery polybutadiene (PB)
central block of SBS. Similar to SBS, the resultant azobenzene SCLCP-grafted SBS was a
fhermoplastic elastomer, for which polystyrene (PS) cylindrical microdomains behave as
physical cross-links. Three different azobenzene SCLCPs, differing in chain backbone or
terminal group on the azobenzene moiety, were used to prepare azobenzene elastomers. Their

thin films obtained from solution casting were transparent and could be repeatedly stretched at
room temperature.

Polarized UV-vis and infrared spectroscopy were used to investigate the coupling effects from
film deformation and photoisomerization of azobenzene chromophore in the elastomer.
Stretching the film effectively induces a long-range orientation of azobenzene mesogenic
groups (in the trans form) along the strain direction due to the Uquid crystalline nature of the
azobenzene polymer. When the stretched fihn is exposed to polarized or unpolarized UV light
(360 nm), the orientation of trans-azobenzene is erased as a result of the traas-to-cis
photoisomerization that corresponds to a photochemical liquid crystal-to-isotropic phase
transition. On polarized or unpolarized visible irradiation (440 nm), the cis-to-trans backisomerization recovers the orientation of trans-azobenzene mesogens. This coupled

mechanical and optical effect allows a reversible optical switching between orientation-on and
orientation-off states to be realized on stretched films. The study shows that the azobenzene
SCLCP grafted on SBS is important since its glass and mesophase transition temperatures
determine greatly the degree of stretching induced orientation while its cis isomer
concentration at the photostationary state affects the erasure of orientation on UV light
irradiation. Moreover, experiments found no evidence of reorientation of azobenzene
mesogens in stretched films under linearly polarized UV irradiation, but during the orientation
recovery with liaearly polarized visible light, a contribution from photoinduced orientation of
azobenzene becomes significant.

Ill

Stretched films of azobenzene elastomers were used to record dif&action grating using both
UV light exposure through a photomask and an interference pattern produced by two laser
beams. Dynamic holographic recordmg measurements have revealed the formation of two
gratings of different natures. The one fanned quickly originates in the conversion from
oriented trans-azobenzene to disordered cis-azobenzene, whereas the one developed at longer

exposure times is likely to arise from a stmctural rearrangement of SB S involvmg relaxation
ofPB chains and PS microdomams, which is activated by the photochemical phase transition
of azobenzene polymer grafts. Experiments demonstrate the unique feature of using
azobenzene elastomers as elastic holographic materials. On the one hand, the polymer
deformation can be used to increase the dif&action efficiency since it enhances the anisotropy
and thus amplify the refractive index modulation depth. On the other hand, the large and
reversible deformation of elastomer may change, in a reversible fashion, the period,
dif&action angle and efficiency of the grating. This tunability provides the basis of designing
materials that are useful for mechanically tunable optical or photonique devices.

The research work reported in this thesis represents the first study of azobenzene elastomers
with the idea of coupling mechanical and optical effects. The studies carried out clearly
demonstrate the interest of this new type of photoactive polymers in search of advanced
optical and photonic materials.
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Introduction

Photoactive polymers using azobenzene chromophore have attracted much attention in
recent years because of their potential utilities m optic and photonic device applications (121). The reversible photoisomerization ofazobenzene between the less stable cis isomer and
the more stable trans isomer is the property exploited in all works. What makes azobenzene
particular interesting as compared with other chromophores includes the high isomerization
efficiency, the drastic change in shape of the molecule (switched between the stretched trans
and the contracted cis conformations), and the photoinduced orientation. Two examples of
important discoveries on azobenzene-containing polymers illustrate the excitement in this
research area. On the one hand, while studying amorphous azobenzene polymers, the groups
ofNatanshon and Tripathy have independently reported in 1995 the formation of surfacerelief gratings on thin polymer films exposed to an interference pattern generated by two
laser beams (15,16). A photoinduced massive mass transport at the surface is believed to be
at the origin of this phenomenon, although the exact mechanisms involved are still a subject
of debate. This discovery provides the basis of an all-optic method for the fabrication of
diffraction gratings, and its importance is reflected by the very impressive amount of
research works that have been carried out since the original reports (13,14). In the case of

liquid crystalline polymers (LCPs), on the other hand, Ikeda and coworkers (5-7) have found
that when trans-azobenzene is part of the mesogenic group, its photoisomerization may
result in an isothermal nematic-to-isotropic phase transition, being induced by the
perturbation effect of the cis isomer. This fast photochemical phase transition has also been
successfully used to record holographic gratings that show great promise for optical storage.
Currently, many research groups worldwide are exploring azobenzene and its derivatives for
a wide variety of applications and functional materials such as azobenzene dendrimers (17),
photoregulation of proteins (18), photocontrolled self-assembly (19) azobenzene sol-gel

materials (20) and liquid crystal gels (21). The question is how to make use of the
photoisomerization ofazobenzene m the design and preparation of new and useful advanced
materials?

The research work reported in this thesis has as its aim the development of a new type of
azobenzene polymers, namely azobenzene elastomers. Elastomers are polymers that are able
to undergo large and reversible deformation. The idea of incorporating azobenzene
chromophore into an elastomer structure is to explore new functions of the material by
combining the effects of photoisomerization of azobenzene with the anisotropy and
molecular orientation induced by polymer deformation. In this thesis, we have synthesized
the first azobenzene elastomers by grafting side-chain liquid crystalline polymers, whose
mesogenic groups bear an azobenzene moiety, onto a styrene-butadiene-styrene triblock
copolymer that is a thermoplastic elastomer. The coupling of mechanical and optical effects
has been investigated by means of polarized UV-vis and infrared spectroscopy. On the basis
of the results the recording of mechanically tunable diffraction gratings on stretched
azobenzene elastomers has also been demonstrated.

The thesis is organized in the following way. Chapter 1 gives a brief literature review on
azobenzene polymers while introducing the various subjects involved in the project, including
photoisomerization mechanisms of azobenzene and liquid crystal mesophases. Chapter 2
describes the synthetic approach based on grafting azobenzene liquid crystal polymers onto an
existing elastomer; also reported are details on the azobenzene monomer synthesis and grafting
polymerization as well as the characterization of azobenzene elastomers by a number of
techniques. Chapter 3 presents a comprehensive spectroscopic study of the coupled mechanical
and optical effects by exposing stretched fihns of azobenzene elastomer to UV or visible light;
and show how the unique behavior of these materials lead to optical switching between
orientation-on and orientation-off states. In Chapter 4, we report on studies exploring the use of
azobenzene elastomers as elastic holographic materials to record gratings whose period,
diffraction angle and efficiency may be reversibly adjusted by a simple extension or retraction
of the film. Finally, general conclusions of this thesis are summarized in Chapter 5
emphasizing the significance of the research accomplished and proposing directions for future
works to fully assess the potential of these new materials.

Chapter 1
Azobenzene Polymers: A Review

Azobenzene-containing polymeric systems are interestmg and potentially useful materials for
applications in holographic storage, optic and photonic technologies (1-16, 22-30), and have
been the subject of intensive research during the past decade. Photoisomerization of
azobenzene compounds has been extensively explored in the search for new functional
materials, among which are azobenzene polymers (1-16, 31-44). There are mainly two types of
azobenzene polymers, namely amorphous polymers (42-47) and liquid crystalline polymers
(52-56) In general, the two main phenomena that researchers wish to take advantage of are the

optically induced birefringence and anisotropy and the optically induced holographic gratings,
includmg surface relief gratings and volume phase-type gratings.

1.1. Photoisomerization ofAzobenzene
1.1.1. Photochemistry of Azobenzene Molecules
Azobenzene molecules are photochromic, showing significant changes in their optical
absorption spectra when irradiated at certain wavelengths. This response arises because they
have two geometric isomers which may be inter-converted through the absorption of light and
which exhibit different absorption spectra. The process of photo-induced inter-conversion is
known as photoisomerization.

Figure l(a) shows trans-cis isomerization of azobenzene. The isomerization reaction is a light
or a heat-mduced interconversion of the two isomers. As the trans form is generally more stable
by approximately 50 kJ mol in the case of azobenzene (31), the thermal isomerization is
generally in the cis-trans direction. Light induces transformations in both directions. The
photoisomerization reaction begins by raising molecules to electronically excited states, and a
nonradiative decay brings them back to the ground state, in either the trans or the cis form.

Trans

^^^

Trans

(b)
Figure 1. (a) Trans <=> cis isomerization ofazobenzenes. (b) Simplified model of the
molecular states, d and Oc are the cross sections for absorption of one photon
by a molecule in the trans and cis states, respectively; y is the thermal
relaxation rate; and €>ct and Otc are the quantum yields ofphotoisomerization

(adapted from [32]).

From the cis form molecules revert to the trans form by two mechanisms: thermal spontaneous
relaxation or the reverse photoisomerization optical-pumping cycle. Figure l(b) shows a
simplified model of the molecular states. Only two excited states are represented, but each may
represent a set of actial levels (31): we assume only that the lifetime of all these levels is very
short in comparison with those of these two excited states. Ot and Oc are the cross sections for
absorption of one photon by a molecule in the trans or the cis state, respectively. y is the
thermal relaxation rate and is equal to the inverse of the cis lifetime (Tc). ^ct and Otc are the
quantum yields ofphotoisomerization: they represent the efficiency of the cis => trans and the
trans ==> cis photochemical conversions, respectively, per absorbed photon.

Photoinduced isomerization of azobenzene also proceeds with large structural change as
reflected in the dipole moment and change in geometry. The isomerization involves a decrease
in the distance between the para carbon atoms in azobenzene from about 9.0 A in the trans form
to 5.5 A in the cis form, and the local contraction may be even greater (33). Likewise, transazobenzene has no dipole moment while the dipole moment of the non-polar cis compound is
3.0 D (33). These properties when manifested in polymers are useful probes of conformational
dynamics of macromolecules by site- specific photolabeling, in estimating the free volume in
cross-linked networks, and in designing photoreactive polymers responsive to external stimuli.

Two mechanisms may occur during the photoisomerization ofazobenzene derivatives: one
^

from the high energy n-K transition, which leads to rotation around the -N = N double
bond, and the other from the low energy n-7l transition, which induces isomerization by
means of inversion through one of the nitrogen nuclei (31), these two routes are shown
schematically in Figure 2.

rotation

trans-isomer

<n

Inversion

Figure 2. Illustration on mechanisms oftrans-cis isomerization ofazobenzene

(adapted from [34])

Both mechanisms lead to the same eventual conformational change of the molecule, but for
each the process of photoisomerization is different (31). For the photoisomerization of
azobenzenes it has been shown that the free volume needed for inversion is lower than for
rotation.

The isomerization mechanisms have been under investigation since the early 1950s (31). There
has been a significant number of studies on the mechanism of photoisomerization of
azobenzene derivatives concerned with an inversion mechanism or a rotation mechanism (3539). For azobenzene based chromophores, the experimental evidence for these differing
mechenisms is not conclusive (3 1).

It is now accepted that photoisomerization of azobenzenes occurs mainly through an inversion
mechanism. According to Lee and coworkers (40), this mechanism can be drawn as shown in
Figure 3. The inversion mechanism involves the formation of a linear transition state, I, with
an sp-hybridization nitrogen atom. They proposed a potential energy profile along the
isomerization pathway to explain this mechanism on the basis of the different kinetic results
observed in the thermal cis-trans isomerization reaction of azobenzenes they used. This is
shown in Figure 4.

It is generally accepted that the inversion mechanism is involved in the thermal isomerization
of azobenzene aromatic groups, and both mechanisms are possible in the photochemical
isomerization process. The rotation vs inversion controversy is still not settled. It was suggested
in the earlier studies that an additional energy to rearrange the polymer conformation was
involved during the isomerization process (38,39). Further experiments and calculations are
being carried out in this area for a better understanding of the mechanism of the isomerization
reaction.

It is generally recognized that almost any isomerization in polymers requires a minimum,
critical size of local free volume in the vicinity of the chromophore. A free volume of 0.12 nmj
is estimated to be necessary for isomerization of azobenzene in polymers in the cases where

inversion is the isomerization mechanism. Furthermore the quantum yield for the trans to cis
isomerization depends on the size ofazobenzene molecules, temperature, and other factors.

1.1.2. Birefringence, Dichroism and Orientation Induced by Linearly Polarized Light

In recent years, azobenzene polymers have attracted much attention because of their potential
uses in various photonic applications. It has been known for more than a decade that linearly
polarized light can induce reorientation of azobenzene groups through photochemical trans-cistrans isomerization cycles as shown in Figure 5.

The generally agreed mechanism is the following: In the case of trans-azobenzene moiety,

light is absorbed when the electric field vector of radiation is not perpendicular to the transition
sts

moment of the azobenzene moiety. The trans form possesses the K-n transition moments
approximately parallel to the molecular long axis. The trans-azobenzene moieties exhibit

angular dependent absorption (photoselection) of the linearly polarized light. The transazobenzene molecules with the transition moment parallel to the polarization direction of light
are activated to undergo trans-cis isomerization, while the molecules with transition moment
perpendicular to the polarization direction are inactive for isomerization. The less stable cis
isomer may come back the trans form through either thermal relaxation or absorption at
different wavelengths. After each isomerization cycle, the azobenzene moieties may have a
different orientation, because the trans and cis isomers show different molecular shapes and the
isomerization causes a perturbation on the molecular environment. Once the azobenzene
moieties have fallen perpendicular to the polarization direction of the irradiation light after
repetition of the trans-cis-trans isomerization cycles, they become inactive. At the end ofmulticycles, there will be a net population of azobenzene groups aligned in the direction

perpendicular to the light polarization. When probed with a polarized light beam, such a
medium shows a increased absorption and refractive index in a perpendicular polarization
direction. Irradiation of the sample with unpolarized or circularly polarized light at normal
incidence restores isotropic absorption.

Rotation

transition state (R) X: N62
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Ra Inversion (I) X: COCHs
transition state CN
etc.

Figure 3. Rotation and inversion mechanism for the thermal trans <=> cis
isomerization ofazobenzenes (adapted fi'om [40]).
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Figure 5. Polarized light induced photoisomerization and
photoalignment ofazobenzene groups (from [41]).
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1.2. Amorphous Azobenzene Polymers

From the discussions above we know that irradiation with polarized light induces birefringence
and dichroism through repeated azobenzene isomerization cycles. Photoinduced isomerization
produces enough motion of the azobenzene groups to allow them to align perpendicular to the

direction of the light polarization, the liquid crystallinility is not necessary for the
photoalignment of azobenzene polymers (42,43). Amorphous azobenzene polymers with high
glass transition temperature (Tg) are better candidates for the procedure, because the films can
also be optically erased. That is, the photoinduced birefringence can be randomized to the

initial disordered state by using circularly polarized light as shown in Figure 6 (42-44).

A variety of amorphous materials containing azobenzene groups have been shown to undergo

this photoalignment process. Dumont et al (45) had a series of publications addressing the
theory of this photoinduced orientation. Thus, starting with a sample with no preferred
orientation of the azobenzene groups, after illumination one obtains a birefringent sample.
Using a laser on a random sample, the illuminated spot now is birefriagent. Upon turning the
laser off, the photostationary state, containing some cis isomers, relaxes to a stable state in

which the orientation (and birefringence) is conserved to a significant level (typically between
60-95%, depending on the material).

In 1992, Natansohn et al published two papers to report the synthesis and the photoinduced
birefringence behavior of an electrondonor-electronacceptor substituted azobenzene

homopolymer (PDR1A) (42,46):
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Figure 6. Reversible photomduced orientation in a random distribution ofazobenzene
groups, typical of a high-Tg amorphous homopolymer with azobenzene side
groups. The arrow on top is the polarization direction of the laser (adapted

from [44]).
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Figure 7. Chemical structure ofPDRlA (adapted from [42, 46])
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These were the first papers to emphasize two novel concepts. First, that the photoorientation
phenomenon under linearly polarized light did not require the presence of spacers between the
azobenzene group and the polymer chain, and thus liquid crystallinity (which was usually a
consequence of such spacers) was not a necessary condition for the azobenzene groups to be
able to move. Their initial homopolymer contained a short 2-methylene group spacer,
producing a material with a Tg of 91° C. The second concept was optical, local "erasing". For
the dye doped polymers previously used, the Tg of the material was barely above the working
temperature; thus, the photoinduced birefringence disappeared rather fast. For the liquid
crystalline polymers, erasing the photoinduced birefrmgence had to be done by heating above
the isotropization temperature, and thus the whole fihn had to be "erased". For the high-Tg
amorphous fihn, the birefringence could be mscribed on single points, depending on the laser
resolution, and then each point could be addressed separately with circularly polarized light to
"erase" (destroy) the photoinduced birefringence. A typical repeated procedure to photoinduce
birefringence, allow it to relax, and to photoerase it is shown in Figure 8 (43). This cycle can be
repeated for tens or hundreds of thousand of times.

The most interesting research interest on amorphous azobenzene polymers is surface relief
gratmgs (SRGs) taking advantage ofphotoinduced birefi'ingence and dichroism ofazobenzene
moieties. Photofabricated SRGs have attracted attention because of their potential application
for optical information processing, integrated optics or LC devices fabrication. Figure 9 shows

illustration of the fabrication of SRGs and its 3-D AFM profile, and a typical setup for
inscribing holographic gratings is shown in Figure 10 (47).

In 1993, SGR was inscribed and observed for the first time by Nathansohn's group and

Tripaty's group (15, 16). When they tried to produce holographic grating, they expected to be
able to measure diffraction efficiencies of about 1%, which was the best value at that time, but
to their surprise, their experiments produced grating with about 20% diffraction efficiency. It
took them more tune to recognize that the grating was due to certain deformation of surface of
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Figure 8. Birefringence is induced (A), it relaxes (B), and (C) is erased

(adapted from [43]).
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film. At short irradiation time, the photoinduced orientation of the chromophores in the
material lead to a phase grating which can be considered as the image of the interfering field,
but its diffraction efficiency is limited to a few percent. At longer times of irradiation, a masstransport of the polymer due to force intensity gradients induces a surface relief grating.

Azobenzene molecules upon irradiation with polarized light show photoinduced reorientation
through trans-cis-trans photoisomerization cycles. This orientation also forms the primary step
in the light induced mass transport process, which is responsible for the formation of SRG. The
SRGs with large modulation depth are unique to the azobenzene functionalized polymer
systems, and the process is different from other conventional microscopic processing
techniques such as chemical etching. The major advantage of this photofabrication approach is
the facile one step procedure and the fact that the modulation depth can be precisely controlled

by adjusting the light exposure time and the polarization states of the writing beam. This kind
of photofabrication on polymer films promises to be an effective and simple solution to
assemble an photoelectronic integrated circuit. This phenomenon is also interesting from the
standpoint of fundamental polymer photophysics, because the SRGs are formed as a result of
large-scale photodriven mass transport process in thin solid fihns at a temperature much below
the Tg of the polymer (48-51). For instance, gratings with depth of up to one micron could be
obtained (Figure 11). These gratings were not optically erasable, but it is possible to write on
top of them in another direction to produce superimposed gratings, as shown in Figure 12.

A large variety of azobenzene containing polymers with different chemical composition have
been synthesized and used in the study of photofabrication of SRGs. Figure 13 shows three
amorphous azobenzene polymers used to inscribe SRGs by Natansohn's group (44).
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Figure 9. Illustration ofSRGs formation and 3-D AFM surface
profile of an optically inscribed SRGs.
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Figure 10. Optical setup for fabrication of SRGs (adapted from [47]).
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Figure 11. AFM surface profile of an optically inscribed SRGs with depth of 1 [im (from [47]).

Figure 12. AFM pictures of two superimposed gratings successively

mscribed on the same piece offihn (from [47]).
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Figure 13. Chemical structures of some homopolymers used to inscribe SRGs

in Natansohn's group (adapted from [44]).
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1.3. Liquid Crystalline Azobenzene Polymers

1.3.1. Liquid Crystals

Liquid crystals (LCs) are anisotropic fluids, combining the flow properties of an ordinary liquid
with the anisotropic physical parameters generally only found for crystals. They present
thermodynamically stable phases (except monotrope mesophase) situated between the ordinary
isotropic liquid and the crystalline solids, differing in their degree of order.

The simplest of liquid crystalline phases with the lowest order and then the highest symmetry is
the nematic mesophase, which exhibits only orientational order along the long molecular axis

(the director), the centers of mass being isotropically distributed (Figure 14b). The introduction
of one-dimensional positional order results m the formation of smectic mesophases, which
exhibited a layered structure. For fluid smetics the centers of mass within a smectic layer are

still isotropically distributed. For the smectic A (SmA) phase (Figure 14c), the director pomts
along the smectic layer normal, while in the smectic C (SmC) phase (Figure 14d), it makes an
angle, the so-called tilt angle 9 , which is generally a temperature dependent quantity.

Liquid crystals are typical self-organizing materials with unique and excellent properties such
as (a) a self-organizmg nature at certain temperature range with fluidity and long-range order,
(b) a cooperative effect, (c) a large optical anisotropy, (d) an alignment change by an external
field at surface and interface, and (e) great change could be induced by small eletric field.
Owing to these excellent properties, LC materials are expected to be used not only in liquid
crystal displays but also in various photonic applications, as illustrated in Figure 15.
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a

Figure 14. Typical textures of liquid and liquid crystal phases: a-liquid;
b-nematic; c-smectic A; and d- smectic C.
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Figure 15. Illustration of properties and applications ofLCs.
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Liquid crystallme polymers (LCPs) are a class of materials that combine the properties of
polymers with those of liquid crystals. These "hybrids" show the same mesophases
characteristics of ordinary liquid crystals, yet retam many of the useful and versatile properties
of polymers. LCPs are high performance materials that show properties of both polymers and
LCs which exhibit the unique feature: a large change in refractive mdex can be obtained by
changing the alignment of LCs. This property of LCs is very useful for refractive-index
modulation, which in turn is quite favorable for optical data processing, LCPs are currently
recognized as promising materials for optical data processing due to a fikn-formmg nature and
high birefringence observed in an ultra thin fihn ofLCPs.

Among LCPs are azobenzene containing liquid crystal polymers, which are gaining importance
because they exhibit the properties of both normal LCPs and azobenzene. The trans-cis
isomerization reactions are always accompanyied by significant changes ofpolymer properties,
such as the phase, conformation and optical properties. The photoinduced trans-cis
isomerization of the azobenzene groups leads to photochroism and optical dichroism. Most of
the properties are receiving an interest due to their potential applications.

Liquid crystallinity is a known property of some azobenzene liquid crystalline polymers.
Liquid crystallinity of a polymer generally requires rigid mesogenic groups and sufficient
conformational freedom to allow the mesogenic units to form stacks or organized domains. The
aromatic azobenzene groups can be used to provide the mesogenic units. LC azobenzene
polymers can be prepared in two ways. First, the aromatic azobenzene groups can be bound
into the backbone with some flexible spacers, in methylene units, for example, between the
mesogenic units. This gives main chain LC polymers. Second, the aromatic azo groups can be
linked to a polymer chain through some flexible connecting groups to give side chain LC
polymers, as illustrated in Figure 16.
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Figure 16. Illustration of textures of main chain and side chain azobenzene LCPs.
: azobenzene mesogenic moiety.
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1.3.2. Optically Induced Birefringence and Photoreorientation

From the discussions in Section 1.2 on amorphous azobenzene polymers, we know that the
orientation can be induced when amorphous azobenzene polymers are subjected to the

irradiation of linearly polarized light. After a preferred orientation has been photoinduced in
the polymer fihn and irradiation is terminated, this orientation may be conserved or not
depending on the nature of the polymer fihn.

Although the liquid crystallinity is not necessary to induce photoorientation of azobenzene
chromophores, it makes the photoinduced motion easier to achieve in azobenzene LCPs, due to
the spacer providing the flexibility and allowing the mesogenic azobenzene aromatic groups to
move around for reorientation. At the same time, the photoreoirentation is enhanced and
stabilized by the liquid crystallinity. As a general rule, LCPs containing azo mesogens exhibit
photomduced orientation and the alignment of the azobenzene (and other) mesogens is
thermodynamically favored by the presence of a liquid crystalline temperature range. The

liquid crystalline state can be induced by light if the film is in its initial amorphous state, or the
director of the liquid crystalline domain(s) can be changed by the light polarization. The first
case allows relatively easy orientation and high birefringence; the last is energetically much
more demanding, but the obtained birefringence is high. The same points can be made for
semicrystalline polymers, with only the degree of order being different.

The main disadvantage of liquid crystalline systems is that elimination of the photoinduced
orientation is difficult, and sometimes impossible. The strong thermodynamic tendency of the
mesogens to stay aligned hinders "erasing".

Photoinduced alignment in LCs is of special interest because of the property of selforganization offers the possibility of cooperative behavior that can amplify relatively weak
photochemical effects. Many groups have contributed to the research on photoalignment of
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azobenzene chromophores in azobenzene LCPs mduced by linearly polarized light. For

example, Ikeda et al (52-56) investigated systematically the factors influencing photoalignment
ofazobenzene chromophores, such as spacer length, structures ofphotochromic moieties, and
azobenzene contents.

For example. Figure 17 shows structures of some azobenzene copolymers used in Ikeda's
group, and Figure 18 shows angular-dependent absorbance ofazobenzene and cyanobiphenyl
moieties due to the cooperative effect. In liquid crystalline polymer fihns, the photoinduced
orientation is stable above Tg , because of the thermodynamic tendency to form ordered
domains, and is lost only at the clearing temperature. These phenomena are based the
photoinduced isomerization and the associated motion of the azobenzene groups. Using JR
spectroscopy, Anderle et al (57) showed that above Tg, in the liquid crystalline state,
cooperative motion is dominant and both azobenzene and ester groups orient perpendicular to
the laser polarization, while below Tg, in the glassy state, only azobenzene groups are
"addressed" by the light; the ester groups maintain their original orientation. The authors called
his phenomenon "molecular addressing". As shown in Figure 18(a), angular-dependent
absorbance of azobenzene moieties at 360 nm was measured by using polarized UV
spectroscopy. Before irradiation, the absorbance did not change with the direction of
polarization of the measurement beam. After irradiation, an optical anisotropy was evidently
brought about: when the direction ofpolarization of the measurement beam was perpendicular
to that of the irradiation light, the absorbance reached the maximum and the value increased

with an increase in irradiation time; when the polarization directions of irradiation light and
measurement light were parallel, the absorbance was at the minimum and the value decreased
with prolonged irradiation time. The figure indicates that the preferential orientation of the
azobenzene groups is perpendicular to the electric vector of irradiation light. The induced
anisotropy increased with increase of irradiation time until the maximum value. Figure 18(b)
shows the relationship between rotation angle and absorbance of CN group of cyanobiphenyl
moiety obtained from polarized JR spectroscopy at 2225 cm . An optical anisotropy was also
induced and the cyanobiphenyl mesogens were aligned perpendicular to the electric vector of
the irradiation light. This means that nonphotoactive mesogen, cyanobiphenyl, can undergo

28

reorientation together with the azobenzene groups due to cooperative effect. The cooperative
reorientation of inactive mesogens is a general phenomenon (57-62). The induced anisotropy
was observed for more than one year at room temperature (52). Many other reports of
cooperative motion exist in the literature, especially where liquid crystalline polymers are
involved. The main advantage of this phenomenon is a decreased absorbance at the irradiating
wavelength, i.e., an "amplification" of the orientation provided by the nonabsorbing groups.

The mechanism of photoalignment and cooperative effect is illustrated in Figure 19. It is
assumed that the alignment process consists of three steps: the trans-cis isomerization of
azobenzene moieties due to photoselection excitation, the alignment of azobenzene moieties
through trans-cis-trans isomerization cycles, and the orientation ofnonphotoactive moieties for
cooperative motion.
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Figure 18. Angular-dependent absorbance of (a) azobenzene and (b) an cyanobiphenyl
moieties at 360 nm (from UV-vis spectra) and 2225 cm'1 (from infrared

spectra), respectively (adapted from [52]).
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and ks, rate constants oici-trans thermal isomerization (from [53]).
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1.3.3. Photoinduced Phase Transition

A property that makes azobenzene LCPs particularly attractive is the photochemical phase
transition. Trans azobenzene is rodlike and tends to stabilize LC phase while cis azobenzene is
bent and tends to destabilize LC phase. Thus, photoisomerization can act as a trigger to either
disrupt an ordered phase (which is the most common case found in the literature) or to store or
to produce an ordered arrangement. As a result, cis-azobenzene lowers LC-to-isotropic (I)
phase transition temperature of liquid crystals, as illustrated in Figure 20. As mentioned above,
the photochemical phase transition behavior could be understood when the different molecular
shap of the cis and trans isomers are considered (Figure 2). The trans configuration of the
azobenzene aromatic group possesses a rodlike shape, while the cis configuration has a bent
shape. The rod-shaped trans configurations are amenable to the formation of a liquid-crystalline
phase. The cis isomer is formed during light exposure and these bent configurations act as
impurities which disrupt the orientational order.

Since the photochemical phase transition accompanies a large change in refractive index of
materials, the azobenzene LCPs may be potential candidates for all optical switching materials
and dynamic holographlc materials. In these applications, it is necessary to induce rapidly not
only the N-I phase transition but also the I-N phase transition (recovery of nematic phase).
After photoirradiation of the polymer azobenzene LC films (N-I phase transition), when
irradiation has ceased, the initial N phase can be restored because of their thermal cis-trans
back-isomerization. To accelerate the thermal recovery of the LC phase, the mechanism of the
I-N phase transition has been investigated in detail. The recovery consists of two processes:
thermal cis-trans back-isomerization of the azobenzene moieties and reorientation of the
mesogenic trans-azobenzenes. It was found that cis-trans back-isomerization is a ratedetermining process (66). On the basis of the results of the kinetic stidies on the I-N phase
transition, new azobenzene LCPs were designed, which have both donor-acceptor moieties in a
molecule and are characterized by very fast cis-trans thermal back-isomerization. With such
donor-acceptor azobenzenes, a very fast recovery of the N phase (800 ms) was achieved (68).
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This response is faster by one order of magnitude than that of the conventional azobenzene
LCs.

The photochemical phase transition based on the trans-cis photoisomerization of azobenzene
groups has been well studied m Dceda's group (56, 67-69). They demonstrated that optical

switching was realized at high temperature with the prealignment polymer fihn by combination
of photochemical phase transition and thermal recovery processes. The thermal recovery rate
was enhanced on irradiation of unpolarized visible light. It was found that induced anisotropy
could be erased by using the photochemical phase transition and photoinduced alignment
processes, all-optical switching can be realized by means of LCPs containing azobenzene
moieties. Figure 21 shows the writmg-erasing-rewriting cycles of azobenzene LCPs at room
temperature on alternating irradiation using 365 nm unpolarized light and 436 run linearly

polarized light (LPL) (56).
The most attractive advantage of this all optical switching is that the polymer fihns are simply
cast and do not require any prealignment.
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photochemically from nematic phase to isotropic phase (from [56]).
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1.3.4. Azobenzene Liquid Crystalline Polymersfor Formation ofDiffraction Gratings

Any periodic arrangement of diffracting elements forms a dif&action grating. A diffraction
grating can consist of a periodic variation of thickness in a medium of constant refractive index
or it can consist of a periodic variation of refactive index in a medium of constant thickness.
The first type of dif&action grating is a surface grating, more commonly referred to as a surface
relief grating. The second type of grating is a volume grating, more commonly referred to as a
volume phase grating.

Figure 22 (a) shows a cross section of a surface relief grating while Figure 22 (b) shows a cross
section of a volume phase grating. In both cases, there is a periodic variation of the nT product.
The period, d, is generally referred to as the grating spacing, or groove spacing. The inverse of

this period is called the spatial frequency, f.

For the holographic grating, it is preferable that materials should possess simultaneously a

number of specific characteristics such as high dif&action efficiency and high spatial
resolution. To construct the phase-type holograms with high dif&action ef&ciency, large
modulation either of refractive index or of thickness of recording materials is required. In
application of the holographic technique to active recording devices, holograms should be
erasable and rewritable. Furthermore, for dynamic holography, by which it would be possible
to reconstruct 3-D moving objects, rapid response in both processes of formation and
disappearance of the holograms would be requisite for materials.

The holographic gratings are basically formed by photorefractive effect or photochromism. For

the gratings based on photorefractive effect, Khoo et al (70) have obtained high dif&action
efficiency of 30 % at low writing-beam intensity of 40 (J.W cm-z in a low molecular weight

liquid crystal system. Ono and Kawatsuki (71) have also revealed that the periodic modulation
ofLC alignment induced by the spatial change distribution leads to a relatively large change
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in the refractive index ( An = 3.6x10 ) in a low molecular weight liquid crystal cell coated
with photoconductive layers.

On the other hand, the grating formation by photochroism has been achieved in LC materials
containing azobenzene derivatives as a photochromic molecule. It is expected that such systems
will enable dynamic and /or effective control of formation of the gratings. This is because the
photoisomerization of azobenzene molecules leads to a very fast change in alignment of LCs,
resulting in a large change in refractive index as mentioned above. In fact, dynamic holography

has been realized m the dye-doped nematic liquid crystals (NLCs) (72, 73). Although the
grating formation is mainly due to the realignment of LCs in the bright region of interference
patterns, the change in refractive index based on N-I phase transition seems to participate in the
grating formation. In low molecular weight LCs, however, it is often difficult to obtain a

holographic grating showing a narrow fringe spacing (i.e. high revolution) and high stability
because of the high mobility ofLC molecules. It is easy to imagme that side-chain LCPs may
be one of the most promising materials in holography, because they posess not only high
viscosity due to the polymer structure but also superior LC properties in which flexible sidechain spacers play a crucial role to decouple the motion of the polymer backbone from that of

the aligned mesogens. Wendorff et al (74-78) have shown for the first time that a holography
recording can be built into LCPs containing azobenzene moieties in the side chain as
mentioned above. This holographic imagine storage seems to originate from periodically

photoinduced LC alignment by linearly polarized writing beams. Phase-type grating formed by
photochemical phase transition of a polymer azobenzene LC have been characterized. The
plausible mechanism of the grating formation is proposed by Ikeda et al.(7), it can be
schematically illustrated in Figure 23. In process (a), trans-cis photoisomerization generates

small isotropic (I) domains in bright fringes of the pattern, which grow on further irradiation. If
the re&active indices of the nematic (N) and the I phases are n and n', respectively, the

difference in the refractive index (An) between n (the dark fringes) and n' (the bright fringes)
becomes larger during exposure as the photochemical phase transition proceeds. Hence, the
dif&action efficiency increases. In process (b), the diffraction efficiency reaches a maximum
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value, indicating that the photochemical phase transition is complete in the bright fringes and
An reaches a maximum. Further irradiation of the writing beams leads to a decay of the
dif&action efficiency in process (c) causing a reduction of An. In this process, the orientation
order of the azobenzene moieties decreases in the dark fringes of the pattern. Two factors may
be responsible for the decrease. One is induction of the photochemical phase transition in the

dark fringes. Since the light intensity on the film is siausoidal, photochemical reaction may
occur even in the dark fringes, so that the photochemical phase transition occurs gradually in

the boundary between the dark and the bright fringes of the pattern. Propagation ofperturbation
of the phase transition to the dark fringes may also occur (79) which induces a decrease of the
orientation order of the azobenzene moieties in the dark fringes.
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1.4. Azobenzene Elastomers: Objective of The Thesis

The aim of the research in this thesis was to design, synthesize, study and demonstrate the
potential of a new type of azobenzene polymers, namely azobenzene elastomer. Elastomers are
a class of polymers that are characterized by an easily achievable large and reversible
extention. The basic idea of making azobenzene elastomers is to combine the anisotropy related
to the polymer orientation with the effects ofphotoisomerization ofazobenzene chromophore.
In other words, it was anticipated that interestmg properties of the material may be generated
by such a coupling of mechanical and optical effects. Azobenzene elastomers are different from
the known azobenzene polymers in that the mechanical deformation provides an additional
degree of freedom in controlling and manipulating the anisotropy and molecular order in the
polymer.

As will be shown in the thesis, the main goal of the research project has been reached. Indeed, a
first azobenzene elastomer system has been synthesized by grafting azobenzene side-chain
liquid crystal polymers onto a styrene-butadiene-styrene (SBS) triblock copolymer that is a
thermoplastic elastomer, and the samples were characterized. The coupling of mechanical and
optical effects has been investigated, and the potential utilities of azobenzene elastomers have
been demonstrated by studies of mechanically tunable dif&ection gratings. This thesis has

been reached to the publication of the following papers:

1. Shuying Bai and Yue Zhao, "Azobenzene-Containing Thermalplastic Elastomers:
Coupling Mechanical and Optical Effects", Macromolecules, 34, 9032 (2001).

2. Yue Zhao, Shuying Bai, Dany Dumont and Tigran V. Galstian, "Mechanically Tunable
Dif&action Gratings Recorded on an Azobenzene Elastomer", Advanced Materials,

14,512(2002).
3. Shuying Bai and Yue Zhao, "Azobenzene Elastomers for Mechanically Tunable
Diffraction Gratings", Macromolecules, 35, 9657 (2002).
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4. Yue Zhao, Shuying Bai, Karen Asatryan, and Tigran Galstian, "Holographic Recording
In a Photoactive Elastomer", Advanced Functional Materials, (2003). in press.
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Chapter 2
Synthesis and Characterization of The First Azobenzene Elastomer

2.1. Synthetic Approach

2.1.1. SBS

To make the first azobenzene elastomer, we have chosen to incorporate an azobenzene sidechain liquid crystal polymer in a styrene-butadiene-styrene triblock copolymer (SBS) that is a
known thermoplastic elastomer. More details are given below.

The particular "two phase" structure in a SBS triblock copolymer is a consequence of

microphase separation due to the incompatibility between polystyrene (PS) and polybutadiene
(PB) chains. The morphology and its relationship with mechanical properties of SB S polymers
have been extensively studied (80-83). It is now known that these polymers are characterized
by a highly heterogeneous and ordered morphology, which is responsible for their particular
mechanical properties, and depending on the content of one component, different imcrodomain
stmctures (spherical, cylindrical, and lamellar) can be obtained.

More attention has been given to the SBS polymer having a stmcture of PS cylindrical
microdomains embedded in a PB matrix. The typical PS content for such a structure is around
28% by weight. When this polymer is stretched at temperatures below the glass transition
temperature (Tg) of PS, a plastic-to-rubber transition is generally observed, like for most SBS

polymers. The samples first behave as a plastic, but after the yielding point it exhibits elasticity
with a high elastic deformation. Investigations (80-83) showed that the yielding process
involves break down or fragmentation of long, glassy PS cylinders, giving rise to short PS
cylinders. As the stretching continues, PS cylinders, which are intercoimected by PB chains, act
as remforcing fillers and cross-links supportmg the stretched rubbery matrix. This high
elasticity disappears when the sample is stretched at temperatures above Tg of PS.
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Using small-angle X-ray scattering (SAXS) techniques, a series of elegant experiments have
been performed by Hashimoto and co-workers (84) on the deformation mechanism upon
stretching and the effects of annealing at the highly deformed state on the structure and

morphology (85) for the SBS polymer having cylindrical microdomains of PS. The main points
are schematically illustrated in Figure 24 (86). For solution-cast samples before the first
stretching, the characteristic regions, in which PS cylinders are spatially ordered, are randomly
ordered (Figure 24a). It has been pointed out that the deformation behavior upon stretching is

different for regions having different orientations of the PS cylinders with respect to the
stretching direction, and the microscopic mechanical response is a result of the combination of
contributions from all regions. But at high deformations (several hundred percent), as depicted

in Figure 24b, essentially all short PS cylinders, resulting from fragmentation of mitially long
cylinders, are ordered with the cylindrical axis inclmed at an angle and the interdomain vector
connecting the canters of the cylinders parallel to the stretching direction. Such a morphology
is controlled by the orientation of the PB chains. When the sample is relaxed, for instance, after
removal of the external stress, it reverts a macroscopically random morphology state, but with
broken PS cylinders in the ordered regions, as shown in Figure 24c.

The SBS polymer used in this work is a commercial product purchased from Aldrich. It

contains 30 % PS (wt) and has an average molecular weight of about 140 000 (GPC value).

2.1.2. SBS with Grafts of an Azobenzene Side-Chain Liquid Crystalline Polymer

Systems combming SBS and side-chain liquid crystalline polymers (SCLCPs) are mteresting
materials due to the elasticity of SBS and anisotropic properties of SCLCPs. Some research

works have previously been done on SBS/SCLCP systems in this laboratory (87, 88). They first
investigated SBS/SCLCP blends (87), and found that fihns of the solution-cast
SBS/SCLCP blend still display elasticity, and can be stretched from room temperature to about
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(a)

(b)

(c)

Figure 24. Schematic representation ofstmctures of PS cylindrical microdomains
interconnected by PB chains: (a) solution-cast sample before the first

stretching, (b) at the highly stretched state, (c) after removal of the external
stress (from [86]).
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60 °C to induce the orientation in SCLCs. Moreover, a thermal annealing of the deformed fihns
under strain at temperatures below 60 °C can cause loss of elasticity of the fibns, which is a
consequence of arrangement of the PS microdomains in SBS; and the macroscopic orientation
of the mesogenic groups can be retained in the relaxed blend fihns after removal of the
mechanical force. The above experiments demonstrated an interesting approach for a possible
control and manipulation of the macroscopic orientation in SCLCPs. This blend, at the same
time, represents an interesting multi-phase system which has a complex morphology and
anisotropic features arising from both block copolymers and liquid crystals. However, there is a

major drawback for SBS/SCLCP blends: because of the immiscibility, the blend fihns are
opaque and have a rough surface. Visibly they showed a poor mechanical strength: repeated

stretching rapidly leads to cracks in the fihns, and the fihns eventually break. The SCLCP's
content in the blend should be limited to 30 wt% or lower, and at higher concentrations the
fihns are not strong enough for mechanical stretching.

To overcome these drawbacks, in a subsequent study they grafted SCLCPs on the SB S triblock
thermoplastic elastomer by polymerizing the monomers of SCLCPs in a solution with

dissolved SBS (88). The resulting SBS/SCLCP samples exhibit much improved properties
compared to the solution-cost blends. The improvement is mainly characterized by (1) a much
stronger mechanical strength, (2) an essentially homogeneous morphology with the liquid
crystalline component uniformly dispersed, and (3) an enlarged liquid crystalline phase in some
cases. One particular feature of this system is the maintenance of the thermoplastic elasticity in
samples having a SCLCP content up to 52 wt%. A uniform macroscopic orientation of the
mesogenic groups in SCLCPs can easily be achieved upon elongation of the films. More
interestingly, a suitable thermal treatment of the deformed fihns can result in relaxed, free

standing fihns which have ahnost the initial length before stretching, and in which the
stretching-induced macroscopic orientation of the mesogenic groups is retained.

On the basis of the earlier studies, we have used the same approach to make azobenzene
SCLCP-grafted SBS by performing radical polymerization of the monomers of azobenzene
SCLCPs in solution with dissolved SBS. Before discussing three photoactive elastomers, using
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one azobenzene polymethacrylate and two azobenzene polyacrylates, we first review the
grafting mechanism reported in the literature.

2.1.3. Grafting Mechanisms

The several reports (89-93) appeared in the literature dealt with the graft co-polymerization of
styrene monomers onto polybutadiene and its copolymers, such as SB S and acrylonitrile-

butadiene-styrene (ABS) (89). The grafting mechanisms have been studied in detail. In
general, there are two mechanisms proposed for grafting co-polymerization of the styrene and
vinyl monomers on the polybutadiene:

1). Grafting by chain transfer:
By this mechanism, the primary free radicals formed from the decomposition of initiator
abstract a hydrogen atom from the alpha methylene group of PB to form the grafting sites on
which grafting reaction occurs, as shown in Figure 25 (a).

2). Grafting by double bond addition:
By this mechanism, the polymeric free radicals attack the double bond of PB to form grafting
reaction, as shown in Figure 25 (b).

Which grafting mechanism will take place depends on monomers and initiators. In a series of
studies, Huang and Sundberg (90-93) have studied grafting reaction of three vinyl monomers:
styrene, benzyl methacrylate, and benzyl acrylate onto PB. They found that benzoyl peroxide

(BPO) is a more effective initiator for grafting co-polymerization than azobiisobutyronitrile
(AIBN) for styrene and benzyl methacrylate but that both initiators are about equally efficient
for benzyl acrylate. They postulated in agreement with previous works (94-96) that BPO
functions by removal of an ally hydrogen atom. The efficiency of grafting of benzyl acrylate

initiated by AIBN suggests that this reaction occurs by addition across the double bond.

The grafting of vinyl monomers onto PB using BPO or AIBN represents the most studied cases
in free-radical graft co-polymerization.
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Figure 25. Grafting polymerization on SBS through (a) chain transfer,
(b) double bond addition.
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For instance, the inability of AIBN to initiate grafting of styrene onto PB is well known (9799). The mechanism of graft site initiation has not been completely elucidated. But the

following initiation reactions have been discussed (97,100): (1) a primary radical or a
polymeric radical abstracts an hydrogen atom (in general from an allyl structure) to form a

grafting site (this mechanism is also known as chain transfer), (2) a primary radical or a
polymeric radical adds through the double bonds in the mbber to initiate a grafting site. If the
grafting site is generated by a chain transfer mechanism, the allylic hydrogen on PB, due to its
low bond energy, is the easiest atom to be extracted by free radicals and results in the formation

of an allylic polybutadiene radical, which will then compete with other free radicals for
monomer and produce graft copolymer. To abstract this allylic hydrogen from PB, the
reactivity of primary and /or polymeric radicals must be high enough to accomplish this work.

The lack of graft copolymer formation by ATBN mitiator is probably due to its low reactivity.
This is one of the reasons that Cameron et al. thought that the grafting site is most probably
generated by the chain transfer mechanism involving primary radicals for the BPO/styrene/PB
grafting system.

The nature of the monomer is a very important factor in determining the reactivity of the

polymeric radical. Mayo et al (101) have shown that the structure of the substituents (R) of
monosubstituted ethylenes, R -CH=CH2, will affect the reactivity of the monomer in the
following order:
C6H5- > H2C=CH- > R-CO- > N=C- > R-O-CO- > Cl- > R-0- == R-CH2-> H-

As for the reactivity of different kinds of polymeric radicals generated from these monomers,
they proposed a rule of thumb: the most reactive monomers will be converted to the least
reactive polymeric radicals and the least reactive monomers will yield the most reactive
polymeric radicals.

Morton and Piirma (102,103) showed that the reactivity of styrene, benzyl methacrylate, and
benzyl acrylate monomer should be in the following order:
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Styrene > benzyl methacrylate > benzyl acrylate
and the reactivity of the polymeric radicals formed from these monomers should be in the

reverse order (via the rule of thumb of Mayo et al) (101):

polystyrene radical < poly(benzyl methacrylate) radical < poly(benzyl acrylate) radical

Huang and Sundberg (90-93) studied the grafting of styrene, acrylate, and methacrylate
monomers onto cis-PB using BPO mitiator in solution polymerization, and they reached the
following conclusions:

The primary radical generated from BPO initiator most likely reacts with cis-PB by a chain
transfer mechanism creating an allylic PB radical. This radical is rather inactive but effectively

compete with polystyryl radicals or poly(benzyl methacrylate) radicals for styrene or benzyl
methacrylate monomer, respectively. However the allylic PB radical is not able to compete
effectively with poly (benzyl acrylate) radicals for acrylate monomers. Therefore, in the styrene
and methacrylate systems, primary radical attack is the dominant mode of graft site initiation,
while in the acrylate system grafting is due to polymer radical attack. Because of this, there is

relatively little influence of the type of initiator on the graft level achieved in an acrylate
system; for styrene and methacrylate systems the influence can be dramatic.

In our study we used three azobenzene-contaming monomers whose chemical stmctures are
shown in Figure 26. Monomers Ml and M2 are acrylates differing in the terminal group on the
azobenzene moiety, while M3 is a metharylate. Partly because of the low contents of
azobenzene polymer grafts (< 20%), we were unable to determine which grafting mechanism
took place. On the basis of the above discussions, it may be assumed that for monomers Ml
and M2, the grafting reaction on SBS adopted the double bond addition mechanism, whereas
for M3, the grafting reaction on SBS would dominantly follow the chain transfer mechanism.
The proposed corresponding azobenzene elastomer structures are also depicted in Figure 26.
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Figure 26. Chemical structures of the azobenzene monomers used and the proposed
structures of the corresponding azobenzene elastomers resulting from the
graft polymerization.
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2.2. Synthesis ofAzobenzene Monomers

The azobenzene monomers, polymerization of which results in azobenzene SCLCP, were
synthesized based on procedures on reported in the literature (104, 105). The synthetic schemes
for two monomers. Ml and M2, are given in Figures 27 and 28 respectively. More details are
shown below.

4-Methoxy-4'-hydroxyazobenzene (1). ^-Methoxyaniline (3.57g, 28.98mmol) was dissolved

in 40 ml ofhydrochloric acid (3 M) and the resulting solution was cooled to 0 °C with stirring,
2.41 g (34.89 mmol) of sodium nitrite in water (40 ml) was added dropwise to the solution to
produce diazonium salt. A mixture ofphenol (3.05 g, 31.79 mmol) and sodium hydroxide (30
ml, 10 wt%) was added slowly at 0 °C. The reaction mbcture was stirred at 0 °C for 4 h. After
the reaction mixture was neutralized with hydrochloric acid, the precipitated solid was
collected and washed with water. The cmde product was purified by recrystallization from a
mixture ofn-hexane and benzene (7: 2 in vol%) to give 1 (4.23 g, 18.55 mmol) in 64 % yield.
1H-NMR (CDCls): § 3.89 (s,3H, CHsO), 6.9-7.05 (m, 4H, CHm aromatic), 7.8-7.9 (m, 4H, CHm
aromatic).

4-methoxy-4?-(6-hydroxyhexyloxy)azobenzene (2). A mixture of 1 (3.86 g, 16.93 mmol),

potassium hydroxide (2.09 g, 37.25 mmol), and potassium iodide (275 mg) was added to a
mixture ofethanol (15 ml) and water (6 ml). With stirring, 6-chrolo-l-hexanol (2.76 g, 20.25
mmol) was added dropwise during heating. The resulting mixture was refluxed for 24 h. After
the reaction mixture was poured into a large excess of water, the precipitated solid was
collected and dried under vacuum. The crude product was recrystallized from ethyl acetate, and

2 (3.94 g, 12.01 nmiol) was obtained in 71 % yield. 1H-NMR (CDCls): § 1.35-1.7 (m, 4H,
OCH^ CH2 ), 1.7-1.9 (m,4H,OCH2C^), 3.7 (t, 2H, C^2 OH), 3.89 (s, 3H, C^O), 4.05 (t, 2H,
OCH2 ), 6.95-7.05 (m, 4H, CHm aromatic), 7.8-7.9 (m, 4H, CHm aromatic).
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6-[4-(4-Methoxyphenylazo)phenoxy]hexyl acrylate (3). Triethylamine (1.74 g, 17.27 mmol),
2 (3.774 g, 11.51 mmol) were dissolved in tetrahydrofuran (THF, 40 ml), and the resulting
solution was cooled to 0 °C. With stirring, 1.63 g (16.88 mmol) ofacryloyl chloride dissolved
in 60 ml of THF was added dropwise to the solution, and the reaction mixtire was stirred at
room temperature for 24 h. The reaction mixture diluted with 200 ml of CHCls was washed
with saturated NaCl aq. After the solvent was removed, the cmde solid was recrystallized from

ethanol, and 3 (2.42 g, 6.33 mmol) was obtained in 55 % yield. 1H-NMR (CDCls ): 5 1.4-1.65
(m, 4H, OCH2C^2 ), 1.65-1.9 (m, 4H, CJ^CHiO), 3.89 (s, 3H, CH^O), 4.02 (t, 2H, C^O),
4.17 (t, 2H, COOCAy, 6.95-7.05 (d, 4H, CHm aromatic), 7.8-7.9 (d, 4H, CHm aromatic).

4-Cyano-4'-hydroxyazobenzene (4). 4-Aminobenzonitrile (6.8 g, 57.54 mmol) was dissolved

in 120 ml ofhydrochloric acid (3M) and the resulting solution was cooled at 0 °C with stirring,
7.185 g (104 mmol) of sodium nitrite in water (120 ml) was added dropwise to the solution to
produce diazonium salt. A mixture of phenol (8.973 g, 95.46 mmol) and sodium hydroxide
(75ml, 10 wt%) was added slowly at 0 °C. The reaction mixture was stirred at 0 °C for 6 h.
After the reaction mixture was neutralized with hydrochloric acid, the precipitated solid was
collected and washed with water. The cmde product was dried under vacuum and recrystallized

from ethanol to obtain 5.8 g (26 mmol) of 4 in 58 % yield. 1H-NMR (CDCls): § 5.4 (s, 1H;
OH), 6.9 (d, 2H, CJfin aromatic), 7.8 (d, 2H, C^in aromatic), 7.9 (m, 4H, C^in aromatic).

4-Cyano-4'-(6-hydroxyhexyloxy)azobenzene (5). A mixture of 4 (5.95 g, 26.68 mmol),

potassium carbonate (7.36 g, 53.36 mmol), and potassium iodide ( 400 mg) was added to
acetone of 20ml, with stirring, 6-chrolo-l-hexanol (5.3 ml) was added dropwise during heating.
The resulting mixture was stirred 7 days at 60 C. After the reaction mixture was poured into a
large excess of water, the precipitated solid was collected and dried under vacuum. The cmde
product was recrystallized from ethanol, and 5 (3.65 g, 11.20 mmol) was obtained in 42 %

yield. 1H-NMR (CDCls): § 1.4-1.8 (m, 8H, C^), 3.7 (m, 2H, C^OH), 4.0 (t, 2H, OC^), 6.9
(d, 2H, CHm aromatic); 7.8 (d, 2H; CHm aromatic), 7.9 (m, 4H, CHm aromatic).

54

6-[4-(4-Cyanophenylazo)phenoxy]hexyl acrylate (6). Triethylamine (2.91 g, 28.33 mmol), 5
(6.1 g, 18.89 mmol) were dissolved in 40 ml ofTHF and the resulting solution was cooled at
0°C. With stirring, 2.15 g (28.34 mmol) of acryloyl chloride in THF (120 ml) was added
dropwise to the solution and the reaction mixture was stirred at room temperature for 24 h. The
reaction mixture was poured into water and the product was extracted with ether, and the
organic layer was dried with sodium sulfate. After the solvent was evaporated, the crude

product was purified by column chromatography on silica gel (eluent: CHCls) and
recrystallized from ethanol to give 4.63 g (12.28 mmol) of 6 in 65% yield. H-NMR (CDCls):
5 1.4-1.8 (m, 8H, C^), 4.1 (t, 2H, OC^), 4.2 (t, 2H, COOCT^), 5.8 (d, 1H; cis-CHr=CB), 6.1
(d, 1H, CH2 =CH), 6.4 (d, 1H, trans- CHs =CH), 7.0 (d, 2H, CHm aromatic), 7.8 (d, 2H, CHm
aromatic), 7.9 (m, 4H, CHm aromatic).
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Figure 27. Synthetic route to monomer Ml
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2.3. Synthesis of SBS-Based Azobenzene Elastomers

The azobenzene elastomers were synthesized by grafting azobenzene SCLCPs onto SBS
through thermal free radical polymerization of azobenzene monomer in solution with dissolved
SBS.

2.3. L Synthesis Procedure

The setup used for polymerization is depicted in Figure 29. Two different procedures were used
for the grafting reaction:

(1). Calculated amounts of the azobenzene monomer and SBS were dissolved in toluene at a
monomer concentration 5 wt % regardless of the feed ratio ofmonomer to SBS. The initiator
used was BPO, and its concentration was kept at 5 mol% with respect to the monomer. The

solution was then heated to 80 C for thermal polymerization that lasted generally 10 h under
rigorous stirring and a nitrogen atmosphere. All azobenzene elastomer (AE) samples except

AE1 and AE11 (Table 1) were synthesized by this method.

(2). A calculated amount of SBS was dissolved m toluene (30% of total toluene) in a 3-neck
flask, and the solution was then heated to 80 C for 10 min. The mixture of monomer and

initiator, also dissolved in toluene (70% of total toluene), was added dropwise into SBS
solution. The reaction mixture was held for polymerization at 80 C for another 10 h, under
rigorous stirring and nitrogen atmosphere. AE1 and AE11 were synthesized by this method.
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Figure 29. Synthetic setup for the preparation ofazobenzene grafted SB8.
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2.3.2. Purification of the Elastomers

For the grafting polymerization of azobenzene SCLCPs onto the SBS copolymer, there may be
four species existing in the solution: unreacted azobenzene monomer, unreacted SB S,
azobenzene homopolymer and azobenzene-grafted SBS. After polymerization, all samples
were purified through a 4-fold precipitation in methanol, ensuring the removal of unreacted
monomers as well as azobenzene polymers which were not chemically linked to SBS. Thus, the
purified samples may contain some unreacted SB S, if there is any.

The purity of grafted SBS samples was monitored by GPC. Unreacted monomers and
azobenzene homopolymers should be eluted out at much longer elution times compared to

reacted SBS due to their quite small molecular weights with respect to grafted SBS. GPC
measurements were carried out to check all grafted SBS samples precipitated from methanol
until the GPC curves showed no azobenzene monomers and homopolymers in the sample.
Figure 30 shows an example ofGPC curves for monitoring the purity ofAE2.

2.4. Characterizations

All grafted SB S samples were characterized by using differential scanning calorimetry (Perkin-

Ehner DSC-7), H-NMR spectroscopy (Bmker AC-F 300), polarizmg microscopy (Leitz
DMR-P), in&ared spectroscopy (Bomem MB-200 FTDt), UV-vis spectroscopy (HP-8452A),
and gel permeation chromatography (GPC, Waters), using PS standards and THF as eluent.
The characteristics of the synthesized azobenzene SCLCPs and their elastomers are
summarized in Table 1. The azobenzene homopolymers P1-P3 were prepared by monomers
M1-M3, respectively. AE refers to azobenzene elastomer. The first number after AE indicates
the azobenzene monomer used in the grafting polymerization, while the second number refers
to different polymerization condition for the same azobenzene monomer.
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Figure 30. GPC curves ofAE2: 1) after polymerization, 2) after the first precipitation
in methanol, and 3) after the 4-fold precipitation in methanol. The peak of
longer elution times comes from azobenzene homopolymer.
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Table 1: Characteristics ofhomopolymers and elastomers

Polymer

Azobenzene
monomer

Monomer/SBS
feed ratio
content (wt %)
Azobenzene

^max (nm)

358

Pl

Ml

P2

M2

P3

M3

AE1

Ml

7.7

1/1

AE2

M2

8.6

AE3

M3

8.1

AE11

Ml

10.1

AE12

Ml

8.2

AE13

Ml

21.9

Tg( °C) Mw (g mol"1)

Mw/Mn

46

5800

1.2

362

27

5880

1.2

358

68

64200

2.7

359

215700

2.0

2/1
1/1

363

177000

2.0

359

168100

2.1

1/1
2/1
3/1

360
360
360

234900

1.5

235000

1.4

208100

1.6

174500

1.4

SBS
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2.4.1. GPCAnalysis

From GPC data in Table 1, it is clear that all homopolymers have quite low molecular weights
and narrow molecular weight distributions. As for elastomers, the grafting of SCLCP generally
resulted in a slight increase in the average molecular weight and a wider distribution of
molecular weights as compared to pure SBS. Figure 31 shows the GPC curves of pure SBS and

three AE samples ( AE1, AE2, and AE3 ).

All grafted samples display a broadened peak and a significant portion with shorter elution
times, which should correspond to SBS chains bearing grafted branches of azobenzene SCLCP
since homopolymers can only have much longer elution times. However, there is also an
increase in the portion with longer elution times, which may be indicative of some chain
breakmg during the reaction. This seems to be particularly possible at higher polymerization
temperatures. Actually, some reactions were also carried out at 100 °C, and the resulting AE
samples showed a decreased average molecular weight accordmg to the GPC measurements.
Also, Table 1 shows that AE3 has the lowest molecular weight among the azobenzene
elastomers, while its corresponding homopolymer P3, obtained from the methacrylate
monomer, has the highest molecular weight among the homopolymers. This result may be an
indication of the competition between the grafting and homopolymerization reactions, that is, a
more active monomer favors the formation of the homopolymer at the expense of its grafting
onto the PB blocks. For the purpose of comparative studies, the AE samples used have a
similar concentration of the azobenzene polymer, around 8%. A low concentration of
azobenzene is better suited because the elastomer films are more transparent and mechanically
stronger.

On the other hand. Figure 32 shows the GPC curves for three different AE1 samples prepared
under different conditions (AE 11-13 m Table 1). It is seen that peaks ofazobenzene grafted
SBS samples are broader than that of the pure SBS, with a significant portion of the peaks
shifted to lower elution times, corresponding to higher molecular weights. The observed
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Figure 31. GPC curves ofSBS and azobenzene-grafted SBS elastomers.
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Figure 32. GPC curves ofSBS and azobenzene-grafted SBS
elastomers prepared from monomer Ml.

65

increase in the weight-average molecular weight (Table 1) is accompanied by an increase in the
molecular weight distribution, which is no surprise for free radical polymerization. In the case
ofAE13, which, among the samples, was obtained using the highest feed ratio ofazobenzene
monomer to SB S (3:1), a lower mass peak is present, which may be indicative of the presence
of some homopolymer remained in this sample.

2.4.2. DSCAnalysis

The DSC measurements were performed at a heatmg or cooling rate of 10 °C/min, and a
sample weight about 6 mg for homopolymers and 15-20 mg for grafted SBS copolymers was
used. Glass transition temperatures, Tg s, were identified as the midpoint of the step change in
the heating scan, and the nematic to isotropic transition temperatures, namely, clearing
temperatures Tci, were taken as the maximum of the melting endothermic peaks. For all
measurements, the samples were heated to 140 C (in the isotropic state) for 10 min before the
recorded cooling scan and the following heating scan.

Figure 33 shows the DSC heating curves of the homopolymers and elastomers. All
homopolymers display two endotherms arising from the smectic-to-nematic and nematic-toisotropic phase transitions (P2 has a narrow nematic range); and the polymethacrylate (P3) has
a higher Tg than the two polyacrylates (Pl and P2). In the case of elastomers, the Tg for the
azobenzene SCLCP grafts cannot be determined from the curves with certainty due to their
small concentrations; but their mesophases can be seen from the small endotherms on the
curves. Interestmgly, in all cases, the mesophase transitions seem to shift to higher
temperatures in the elastomers as compared to the homopolymers, which may be revealing of
some effects of the microdomains in the elastomers on the order ofazobenzene mesogens and
their phase transitions.
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Figure 33. DSC heating curves (10 °CAnin. 2- scan) ofazobenzene
homopolymers and elastomers.
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2.43. Optical Microscope Observation

AE films are transparent like the starting SBS polymer but colored due to the azobenzene
chromophore. AS an example. Figure 34 shows photographs of the transparent AE1 and SBS
films.

The triblock SBS copolymer grafted with azobenzene SCLCP should have a complex
morphology, with the azobenzene SCLCP forming a microphase that is embedded in the
rubbery PB matrix. On the optical microscope, no birefringent spots can be observed under
crossed polarizers, suggesting that azobenzene grafts be confined in small microdomains,
which is consistent with the observation that films of all grafted samples appear transparent like
pure SBS. By contrast, mixtures of SBS and the azobenzene homopolymer with similar
compositions, which were prepared for comparisons, exhibit larger-scale phase separation and
display birefringent areas on polarizing microscope, their fihns look translucent.

Figure 35 shows examples of the optical micrographs in bright field and under crossed

polarizers for AE1 and a blend ofSBS with 10% Pl. The samples were m the isotropic state for
5 min, and then cooled to room temperature to take pictures. Drastic differences are evident.
The blend of Pl and SB S shows macroscopic phase separation, indicating that the azobenzene

SCLCP is immiscible with SB S. By contrast, AE1 appears homogeneous in bright field and no
birefringence, indicating that the azobenzene SCLCP is microphase separated from SBS.
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Figure 35. Optical micrographs for a) AE1, bright field; b) SBS/P1 (90/10) blend,
bright field; c) AE1, polarizing; d) SBS/P1 (90/10) blend, polarizing.
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2.4.4. UV-vis Spectroscopy

UV-vis spectroscopy was used to estimate the content of the azobenzene SCLCP in the
elastomer. Figure 36 shows an example of the absorbance of azobenzene monomer in THF
solution as a function of concentration. A good straight line was obtained, indicating the
validity of using the Beer-Lambert law.

A=edC

where A is the absorbance of sample, e is the extinction coefficient, and d is the thickness of
sample (thickness of the cell), and C is the concentration.

Assuming that the azobenzene polymer grafts have the same extinction coefficient as the
monomer, the concentration of the azobenzene grafts in the elastomers can be easily
determined from the absorbance of the AE sample in THF solution of known concentration.
The absorbance of Ml m Figure 36 was measured at 360 nm.

2.4.5. 1HNMR Spectroscopy

NMR was also used to determine of concentration of azobenzene grafts in the elastomers. As
an example, Figure 37 shows the H NMR spectmm of AE3 in CDCls. From the peak
assignment, the concentration of azobenzene grafts can be calculated using peak a and peak e
according to

Cps

X (azobenzene %) == —-^ — 1-^

Hpeak a Cps

MAZO Hpeak e Mp§
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Figure 36. Absorbance oftrans-azobenzene at 360 nm of Ml in THF
as a function of the monomer concentration.
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where Hpeak e and Hpeak a are the area of peak a and e, MAZO and Mps are the molecular weights
of M3 and the monomatic unit of PS respectively, and Cps is the content (wt %) of PS in pure
SBS. The contents of azobenzene SCLCPs in AE samples determined from UV and H NMR
measurements are quite similar, and the values given in Table 1 are the average values.

2.4.6. FTIR Spectroscopy

FTIR spectroscopy was mainly used to characterize the molecular orientation of azobenzene
mesogenic groups in stretched AE films. Figure 38 shows an example of the mfrared spectra of
AE samples. Its characteristic band at 1254 cm , assigned to the phenyl-oxygen stretching
vibration (106), is well-suited to the measurements smce it is not overlapped with phenyl bands

from the PS block of SBS. As the transition moment of this band is parallel to the long axis of
the azobenzene group, the order parameter could be calculated from

S=(An/Ai-l)/(An/Ai+2)

where A|| and Ai are the absorbance of the 1254 cm'1 band obtained with the electric vector of
the infrared beam polarized parallel and perpendicular, respectively, to the orientation
direction, which was taken as the film strain direction.

2.5. Photoisomerization ofAzobenzene Elastomers

The occurrence of photoisomerization, in both solution and the solid state, for the three AE
samples was checked with UV-vis spectroscopy, as exemplified by Figure 39 showing the UVvis spectra of AE1 in solution under UV irradiation at 360 nm. The absorption of transazobenzene centered at 360 nm (n-n transition) diminishes with the irradiation time, reaching
the photo-stationary state after about 180 s. At the same time, the transition peak of cisazobenzene at about 450 nm (n-7i transition) increases with irradiation tune. This is a typical
behavior ofphotoinduced trans-cis isomerization for azobenzene chromophore.
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Figure 39. Change of the UV-vis spectra of AE1 in chloroform
solution upon UV light irradiation (^ex= 360 nm).
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Figure 40. Change of the UV-vis spectra of AE1 in chloroform solution
during thermally induced cis-trans back-isomerization.
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When the UV exposure is stopped, even with the solution kept in dark, the thermal relaxation
of the cis isomer occurs, retummg to the trans isomer. Such thermally induced
backisomerization can be noted from spectra recorded at different tunes after the UV
uradiation was turned off (Figure 40). The absorption oftrans-azobenzene increases over time
at the expense of the cis-azobenzene. After 420 min, the absorbance is close to the initial value
before irradiation. From these results, it is noticed that the thermally induced cis-trans
backisomerization is slow. The relaxation of cis isomer becomes much faster if the solution is
exposed to visible light. Similar results were obtained for AE1 in the solid state, as shown in
Figures 41 and 42 for the trans-cis photoisomerization and thermal relaxation of cis isomer.

The trans-cis photoisomerization and cis-trans thermal relaxation can also be monitored from
the change in concentration of cis-azobenzene during irradiation and thermal relaxation.
Indeed, the concentration of cis isomer can easily be estimated from

[Cis]%=100x(Ao-At)/Ao

Where Ao and At are the absorbance at 360 nm of the sample before irradiation and at
irradiation time t, respectively. The concentrations of cis-azobenzene for AE1 in chloroform
solution during irradiation and thermal relaxation are shown in Figures 43 and 44 respectively.
The tune dependence of the irradiation process m Figure 43 can fairly be described by

[Cis]% = 78.55-0.774e-°-785t

where t is the irradiation time, and the time dependence of the relaxation process in Figure 44

can fairly be described by

[Cis]% = 70.79-0.202t

where t is the thermal relaxation time.
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Figure 45 shows concentration changes of cis-azobenzene under UV irradiation and in the
course of thermal relaxation of the three elastomers in solid state. Among them, AE1 has the
fastest trans-cis photoisomerization and the highest concentration of cis isomer at the photostationary state, whereas AE2 shows a relatively slow trans-cis photoisomerization and has the
lowest achievable concentration of cis isomer. In all cases, when the UV irradiation is turned
off, the thermal relaxation of cis isomer, returning to the trans conformation, is slow. AE2
display an almost complete relaxation after about 4 hours. The time dependence of the thermal
relaxation process shown in inset of Figure 45 for the three elastomers, respectively, can faMy

be described by

AE1: [Cis]% = 9.915 + 69.72e-000817t

AE2: [Cis]% = 0.0845 + 43.71e-°-0127t

AE3: [Cis]% = 11.31 + 61.08e-o()0607t

Fitting the experimental data given in mset of Figure 45 yields relaxtion times for the three
elastomers, such as when [Cis]% = 15%, t = 320 min for AE1, t = 85 min for AE2, and t = 462
minforAES.
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inset shows the thermal relaxation process after UV off.
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2.6. Conclusions

Three azobenzene side-chain liquid crystalline polymers are grafted onto a SBS triblock
copolymer through radical polymerization of the azobenzene monomers dissolved in SB S
solutions to yield the first azobenzene elastomers. The SCLPs used were a polymethacrylate
and two polyacrylates having different glass and phase transition temperatures. For AE1, three
samples were synthesized with different concentrations of azobenzene SCLCP. The
concentration of azobenznee SCLCPs was determined by UV and H NMR spectra
measurements. The thermal phase transitions of the samples were investigated by DSC and
polarizing optical microscope. The results suggested that azobenzene SCLCPs form
microdomains and are embedded in rubbery PB matrix. Solution-cast films of the azobenzene
elastomers is elastic and transparent, and can easily be stretched and retracted at room
temperature. Trans-cis photoisomerization takes place upon UV irradiation at 360 nm in
solution or film, and the thermally induced cis-trans backisomerization takes place slowly after

the UV irradiation stopped.
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Chapter 3
Coupling of Mechanical and Optical Effects

3.1. Introduction

Side chain liquid crystal polymers (LCPs) have been extensively studied for their potential as
functional materials. Of particular interest are azobenzene-based systems, in which the
photoinduced trans-cis isomerization of the azobenzene moiety in the side chain has been used

to generate various interesting optical effects with possible applications in photonics (107,108)
and data storage (109-116).

For azobenzene elastomers, the liquid crystalline properties of the azobenzene moiety are

preserved by attaching the azobenzene SCLCP to the PB block of 8BS via grafting, while the
mechanical strength of SBS is preserved due to the microphase separation of azobenzene

SCLCP from mbbery matrix ofPB block ofSBS. In this chapter, we report on the investigation
of the coupling effects between mechanically induced orientation of azobenzene moieties and
their photoisomerization. As mentioned earlier, the motivation of our studies on azobenzene
elastomers is to combme mechanical and optical effects, which we expect could result in
interesting properties. For instance, elastic deformation of azobenzene polymers may lead to
reversible changes in some properties generated by photoisomerization of azobenzene, which
could be the basis for designing mechanically tunable optic and photonic devices. To the best
of our knowledge, no such studies have been reported in the literature.

With azobenzene elastomers, a new degree of freedom, namely, large and reversible
deformation, can be used to assist the effects arising from photoisomerization of azobenzene
moieties for a control in the orientation of azobenzene groups. As will be shown, studies
revealed that orientation of azobenzene mesogens can easily be obtained by stretchmg a thin
AE fihn at room temperature, and that a subsequent exposure of the stretched film to UV and
visible light can erase and recover the orientation as a result of the trans-to-cis and cis-to-trans

photoisomerization, respectively. Optical switching between orientation-on and orientation-off
states can thus be realized with stretched films.

3.2. Orientation ofAzobenzene Mesogenic Groups Induced by Stretching

Similar to pure SBS, azobenzene-grafted SBS is thermoplastic elastomer. Thin films of all
samples show good mechanical strength and can be repeatedly stretched and retracted at room
temperature. The results show that a long-range orientation of azobenzene moieties can be
mduced through mechanical stretching due to the liquid crystallinity of grafted azobenzene
SCLCPs. The stretching-induced orientation of azobenzene groups at room temperature was

determined by polarized FTIR. Its characteristic band at 1254 cm (106), assigned to the
phenyl-oxygen stretching vibration, is well-suited to the measurements since it is not

overlapped with phenyl bands from the PS block of SBS (Chapter 2). Figure 46 shows an
example of the polarized infrared spectra taken at room temperature after a film was stretched
to draw ratio of 2. The two spectra were recorded with the mfrared beam polarized parallel and
perpendicular to the strain direction. The parallel dichroism indicates that the orientation of
azobenzene mesogens was induced by stretching along the strain direction.

From such polarized IR spectra, the order parameter S of azobenzene moieties could be
determined. As is shown below, a number of factors were found to affect the degree of the
stretching induced orientation ofazobenzene mesogenic groups in the film.
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Figure 46. Polarized infrared spectra for a film of AE 11, stretched to draw ratio of 2.
The two spectra were recorded with the electric vector of the infrared polarized

beam parallel (11) and perpendicular (-L) to the strain direction.
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3.2.1. Influence of Draw Radio

The results shown in Figure 47 are plots of the order parameter S as a function of draw ratio for
different AE1 samples. The draw ratio is defined as the fihn length after stretching over that
before stretching. In all cases, the orientation of azobenzene moieties is parallel to the strain
direction, and increases with the fihn extension. On retracting the fihns, the orientation
decreases in the same way (data not shown). While the orientation in AE13 seems to increase

linearly with draw ratio, the orientation in both AE11 and AE12 develops rapidly and reaches a
plateau value close to S=0.35 after a draw ratio of 3. This behavior is reminiscent of SCLCPs
subjected to a mechanical stretching (117), and miplies that the azobenzene grafts are in a
liquid crystalline phase at room temperature. Moreover, if the azobenzene grafts were not
microphase-separated from the PB matrix, they should be very short and behave like side
groups of the PB chains. In that case, the orientation ofazobenzene groups should have a linear

relationship with film extension like rubbery PB chains (14). Another supporting evidence is
worth being mentioned. It is known that (14,118) when stretched SBS is annealed at
temperatures below but close to Tg of the PS cylindrical microdomains, oriented PB chains can
be relaxed as a result of the rearrangement of the PS cylinders, and the film loses the elasticity.
A number of stretched films of azobenzene-grafted SBS were armealed at 55 °C until the films
showed no elasticity, thus no PB chain orientation. If the azobenzene grafts were side groups as
part of the PB block, orientation of azobenzene moieties should disappear. However, an
important degree of azobenzene orientation was found to remain in the relaxed films (S ~ 0.2),
suggesting that the azobenzene grafts are in their own microphases.
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Figure 47. Order parameter ofazobenzene moieties vs draw ratio for azobenzene-grafted
SB S samples stretched at room temperature.
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3.2.2. Influence of Stretching Temperature

Figure 48 shows the mfluence of stretching temperature on the orientation of azobenzene
groups of AE11 films. All films were stretched to a draw ratio of 5, and cooled to room
temperature quickly after stretching. From the curve, we can see that the order parameter
decreases with increasing stretching temperature. The orientation decrease seems to be slower
for stretching temperature below 60 °C. This behavior may be explained by the Tg of PS block.
For the SBS used, PS block has a Tg of about 60 C. When the stretching temperature is below
Tg of PS,PS is in the glass state, which can keep the elasticity and support the elastic extention
of the AE film. This implies effective deformation of the microdomains of the azobenzene
polymer leading to good orientation. At temperatures above Tg of PS, PS microdomains loose
the rigidity as crosslinks, resulting in a less effective deformation for azobenzene polymer and
consequently smaller orientation ofazobenzene groups induced by stretching.

3.2.3. Influence of Grafted Azobenzen SCLCP

The nature of azobenzene SCLCP grafted to SB S also influences the achievable orientation of
azobenzene groups upon stretching.

Table 2 shows the average order parameter obtained after stretching several fihns at room
temperature to a draw ratio of 5, i.e., 400% extension. Among the three elastomers, the very

small orientation ofAE3 may be explained by the relatively high Tg of this grafted azobenzene
polymethacrylate. Although its accurate value cannot be determined from the DSC
measurement (Figure 33), judging from the Tg of the homopolymer, it should be in the range of
50 °C. The decrease in Tg of the elastomer as compared to the homopolymer arises from
interfacial interactions between the azobenzene polymer and the PB matrix, which is elastic
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and has a low Tg of about -80 C. Therefore, when AE3 fihns are stretched at room
temperature, the microdomains of the azobenzene polymer are in the glassy state and,
consequently, no effective orientation of azobenzene mesogens can be induced. The situation is
different for the two azobenzene polyacrylates. Because of the lower TgS of the homopolymers,
the TgS of the azobenzene grafts in AE1 and AE2 are likely to be below room temperature.
Therefore, when stretched at ambient conditions, the azobenzene polymer is in a liquid
crystalline phase, and a long-range orientation of the azobenzene mesogens can readily be
developed.

Table 2. Average order parameter for different azobenzene elastomers

Polymers

Main chain

End group

Order parameter

(at draw ratio of 5)

AE1

acrylate

OCHs

0.42

AE2

acrylate

CN

0.27

AE3

methacrylate

OCHs

0.08

3.3. Effects oflrradiation on Stretching Induced Orientation

From the above discussion we know that a long-range orientation of azobenzene mesogens can
be induced by stretching AE films at room temperature. On the other hand, we know that
azobenzene moieties will undergo the trans-cis or cis-trans photoisomerization upon UV or
visible irradiation. The questions we may ask are how about the effects of irradiation on
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azobenzene moieties in stretched films and how about the coupling between mechanical and
optical effects. The photoisomerization in stretched films may result in some interesting
properties for azobenzene elastomers.

We performed a number of experiments to find out and understand the coupled mechanical and
optical effects in the AE films. Before describing and discussing the results, the main
observations are summarized below.

(1). For unstretched films, no orientation of azobenzene groups can be induced after
irradiatmg with linearly polarized UV light at 360 nm, and trans-azobenzene molecules
are isomerized to cis-azobenzene molecules.

(2). For stretched films, the orientation ofazobenzene mesogens induced by stretching was

erased completely after illuminating by linearly polarized or unpolarized UV lights at
360 nm, regardless the polarization of the irradiation light with respect to the strain
direction;
(3). For stretched films, the orientation of azobenzene moieties erased by UV lights can
be recovered through irradiation with polarized or unpolarized visible lights at
440 nm due to the cis-trans back-isomerization. The orientation also comes back after
about 12 h due to the cis-trans thermal back-isomerization.
(4). If the film is irradiated with UV light before stretching, no orientation oftransazobenzene is observed after stretching since azobenzene remains in its cis form.
However the orientation oftrans-azobenzene appears in the film under strain as the
thermally induced cis-trans isomerization occurs.

33.1. Orientation Erasure by UV irradiation

We first irradiated stretched films, i.e., films under strain, with linearly polarized UV light at
360 run in order to observe possible effects of photoalignment of azobenzene groups on the
mechanically induced orientation. If photoalignment occurs in stretched films and adds up to
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the stretching induced orientation, the orientation would be expected to increase under
irradiation polarized perpendicularly to the strain direction, but to decrease under irradiation
polarized parallelly. However, it was found that oriented azobenzene moieties were randomized

by UV irradiation regardless of the polarization direction of the irradiation light, indicating the
absence of a light-induced reorientation ofazobenzene moieties (see Table 3).

Table 3 Effect oflinearly polarized UV irradiation on stretching induced orientation of
azobenzene mesogens (films stretched to draw ratio of 5, and irradiated for 30 min).

UV polarization with
respect to stretching
direction

Order parameter
after stretching

after irradiation

90°

0.37

0.02

~00-

0.39

0.04

-45°~

0.40

0.04

Spectroscopic investigations on solid fihns and solutions suggest that this situation is caused by
a slow thermal cis-to-trans back-isomerization of the azobenzene moieties. It is known that a
fast thermal cis-to-trans back-isomerization is required for effective photoalignment (48,13,14). For these azobenzene elastomers, after irradiation with UV light on the films, it took
several hours for the cis-rich photoequilibrated state to return to the initial trans-rich state.
Without effective photoalignment, irradiation at 360 nm, whether polarized or not, only
accomplishes the photoisomerization of azobenzene moieties, and the conversion of rod-like
trans-azobenzene to bent-shaped cis-azobenzene leads to randomization of the azobenzene
groups in the stretched films and results in the loss of the mechanically induced orientation. If
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this is true, a second irradiation with visible light at 440 nm, polarized or unpolarized, should
make a fast cis-to-trans back-isomerization, and restore the orientation of the azobenzene
groups in the stretched films. As will be shown later, this mechanism indeed was confirmed by
polarized infrared and UV spectroscopic measurements.

The rate of orientation decrease of the azobenzene groups in stretched films upon uradiation

with unpolarized UV light was investigated for the three AE1 samples with different
compositions of azobenzene SCLCPs. Figure 49 shows the plots of order parameter as a
function ofirradiation time for films stretched to draw ratio of 6.

For both AE11 and AE12, the orientation drops sharply within the first 10 min of irradiation,
leaving only a small residual orientation. By contrast, the orientation in AE13 decreases only
partly, and a significant amount remams even after 30 min of irradiation. Films used for these
experiments were relatively thick (-15 [im under strain). As AE13 contains much more
azobenzene moieties than AE11 and AE12, the limited loss of orientation may be caused by a
saturation of the irradiation because of the high absorption of the azobenzene groups.

3.3.2. Orientation Recovery by Visible Irradiation

Figure 50 shows an example of the infrared measurements. The absorbance of the 1254 cm'1
band for a film of AE12 stretched to draw ratio of 6 is measured as a function of the angle
between the strain direction and the electric vector of the infrared beam. Prior to irradiation, the
stretching-induced orientation of azobenzene groups along the strain direction is indicated by
the highest absorbance at 0°. After a 10-min irradiation with unpolarized UV light, the
orientation is randomized as revealed by an almost constant absorbance. However, a
subsequent 2-min irradiation with unpolarized visible light results in a recovery of the
orientation.
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Figure 49. Order parameter ofazobenzene moieties vs irradiation time with
unpolarized UV light for stretched azobenzene elastomer films.
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Although polarized or unpolarized UV lights have the same effects on the orientation of
azobenzene moieties in stretched fihns, i.e., to randomization of oriented azobenzene moieties,
the polarization direction did have effects on the photoalignment of azobenzene moieties when

the fihn was irradiated by subsequent polarized visible light at 440 nm.

Figure 51 shows an example, under the same condition as in Figure 50, except that the visible
irradiation was polarized perpendicularly to the strain direction of the film. In this case,
azobenzene moieties should be photoaligned along the stram direction, the 100% recovery of

orientation is due to the contribution of photoalignment induced by linearly polarized visible
light.

The results in Figure 52 also confirm the contribution of photoalignment under polarized
visible irradiation, on the orientation recovery of azobenzene moieties. When the polarization
du-ection of visible light is perpendicular to the strain direction, some azobenzene mesogens are
photoaligned along the strain direction during the cis-trans back isomerization, which leads to
the highest orientation recovery. At the opposite, when the polarization direction of visible light
is parallel to the stram direction, some azobenzene mesogens are photoaligned perpendicularly
to the strain during the cis-trans back isomerization, which is responsible for the lowest
orientation recovery. While when the polarization dkection of visible light is at 45° to the
strain direction, some azobenzene mesogens are aligned m the direction of 45 to the strain
direction, which, as expected, results in a similar orientation recovery as in the case of using

unpolarized light.
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The data shown in Figure 53 is another example of the contribution of the photoalignment

induced by linearly polarized visible light at 440 nm. In this case, one film of AE11 was
stretched to draw ratio of 6, and then subjected to repeated unpolarized UV light irradiation

(360 nm, 15 min) and polarized visible light (440 nm, 12 min), with the polarization direction
being parallel or perpendicular to the strain direction. It is clear that when the polarization

direction of visible light is perpendicular to the strain direction, the orientation can be
recovered to a great extent. On the other hand, the orientation is just recovered about 60%

when the polarization direction of visible light is parallel to the strain direction.

Finally the results presented in Figure 54 for AE12 show the same features as in Figure 50.
Two fikns were stretched to draw ratios of 2 and 6 for orientation of the azobenzene mesogens,
and then subjected to a 10-min irradiation with UV light for randomization. Afterwards, both

films were exposed to polarized visible light with the polarization direction parallel and
perpendicular, respectively, to the strain direction, and the orientation recovery as a function of
irradiation tune was measured. If the conversion from cis-azobenzene to trans-azobenzene were
the only reason for the orientation recovery, one would expect the same achievable orientation
for the two polarization directions. It is clear from Figure 54 that this is not the case. For the
two fikns, having different draw ratios and different initial orientations, the recovered
orientation, completed after about 2 min of irradiation, is significantly higher when the

polarization of the visible light is perpendicular to the strain of the fihn; the achieved
orientation is actually similar to the initial stretching induced orientation (S ~ 0.35 for the film
at draw ratio of 6 and S ~ 0.15 for the flhn at draw ratio of 2). In both cases, the recovered
orientation under unpolarized light is intermediate between those under polarized light with the
two polarization directions (data not shown). These results suggest that photoalignment of
azobenzene groups in the cis-rich state takes place under polarized irradiation with visible light.
When the polarization direction is normal to the stram of the film, this photoalignment adds up
to the orientation recovery resulting from the cis-to-trans isomerization; when it is parallel to
the strain, the photoalignment opposes to the orientation recovery in the strain direction.
Photoalignment of azobenzenemoieties under irradiation with visible light, preceded by UV
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irradiation to attain a cis-rich state, was reported for azobenzene side-chain liquid crystalline

polymers (56).

UV spectra may be can also help us to understand the coupling between mechanical and optical
effects, Figure 55 shows the polarized UV spectra recorded for a stretched thin film of AE11
having a thickness of about 5 |Lim (thickness below 10 jj-m was necessary for obtaining UV
spectra whose absorption was not too intense to be analyzed even qualitatively). Before
irradiation (Figure 5 5 a), the dichroism of the broad absorption peak of the trans-azobenzene
groups around 360 nm mdicates orientation of their long axes along the strain direction, with a
higher absorption for the spectrum taken with polarization of the beam parallel to the stretching

direction. After irradiation with unpolarized UV light for 5 min (Figure 55b), on one hand, the
dichroism is no longer present, indicating the loss of azobenzene orientation; and on the other
hand, the dominant population of cis-azobenzene moieties in the stretched fihn is clearly seen
by the new absorption peaks around 320 nm and 450 nm. Upon a second irradiation with

unpolarized visible light for 2 min (Figure 55c), the reappeared peak at 360 nm as well as its
dichroism mdicate that the trans-rich state and the orientation along the strain direction are
restored in the fihn. These polarized UV-vis measurements clearly confirm that
photoisomerization of the azobenzene groups is at the origm of their orientation loss and
recovery in the stretched films.
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If the cis-trans backisomerization is what is needed for the recovery of stretching-induced
orientation of the trans-azobenzene, the orientation could also be recovered by thermally
induced backisomerization without the use of visible light irradiation. This was confirmed by
the results shown in Figure 56, where the order parameter is plotted as a function of time for

two different films of AE11 stretched to yield initial order parameters of 0.37 and 0.34
respectively. After the UV irradiation, the order parameters of the two fihns were reduced to
0.025 and 0.06 respectively. The order parameters were measured by over time for the flhns
under strain. In both cases, the orientation was recovered slowly, which was simply determined
by the rate of the thermal relaxation of the cis azobenzene.

A number of other experiments confirmed that a trans-rich state in a stretched film is all what is
needed for orientation of the long axes of azobenzene moieties along the strain du-ection. For
example, if a fihn is exposed to UV irradiation prior to stretching to reach the cis-rich state, no
orientation can be seen from infrared dichroism in the stretched film. However, orientation
appears after the cis-to-trans back-isomerization induced either photochemically by irradiation
with visible light for 2-3 min, or thermally by leaving the fihn under strain at room temperature
for about 10 h. It is reasonable to assume that in stretched films the microdomains of the
azobenzene grafts are elongated along the strain direction, and that energetically it is favorable
for rod-like azobenzene moieties m the trans state to align their long axes in the strain direction.
However, it should be mentioned that there is another way to look at the phenomenon, which is
based on the photochemical phase transition (5-9). In a stretched fihn, orientation should be

erased if irradiation with UV light results in transformation from a liquid crystalline phase into
the isotropic phase for the azobenzene mesogens as a result of the trans-to-cis
photoisomerization. The liquid crystalline phase of the azobenzene grafts reappears after the
cis-to-trans back-isomerization, and therefore realigned m the stretched film.
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3.4. Light-Induced Orientation Switching

Using azobenzene-grafted SB S elastomer, a mechanical stretching readily aligns azobenzene
mesogens; while randomization and recovery of this orientation are accomplished through
photoisomerization of the azobenzene moieties upon irradiations with UV and visible lights.
Such a coupling between the mechanical and optical effects can be used to create an optical
switching.

The principle is demonstrated in Figure 57, where the order parameters measured after

unpolarized UV and visible irradiations is plotted as a function of irradiation time for two
different fihns of AE1 stretched to draw ratio of 6, yielding a similar initial orientation (S ~
0.33). Eight cycles of irradiation were conducted and the orientation loss and recovery were
recorded. Experiments on the two films differed in the time for the orientation erasure, being 5
and 10 mm respectively, but had the same time for the orientation recovery, being 3 min. Faster
switching can be obtained by using shorter irradiation times, but the orientation loss is partial
upon UV uradiation, i.e., the difference m orientation between the two states is smaller.

Another example is shown in Figure 58 using polarized visible light for the orientation
recovery. Two fihns were stretched to a draw ratio of 2 and subjected to repeated cycles
composed of a 5-mm irradiation with unpolarized UV light and a 3-min irradiation with
polarized visible light, the polarization being parallel and perpendicular, respectively, to the
strain direction of the two films.

The results show that switchmg can be made on fihns with low draw ratio and, thus, smaller
initial orientation, and that photoalignment of azobenzene can contribute to the orientation
recovery on irradiation with visible light polarized perpendicularly to the strain. It should be
emphasized that thick fihns were used in these experiments to demonstrate the principle, which
explains the long irradiation times needed for the orientation loss and recovery. In principle,
fast optical switching could be realized through the use of thin films, because fast
photoisomerization processes trigger changes in the orientation ofazobenzene.
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Another series of experiments were performed to compare the behavior of the three azobenzene
elastomers. The plots of order parameter vs. total irradiation time m Figure 59 are an example
showing how the orientation of azobenzene mesogens in stretched films changes under
repeated UV and visible irradiations. For each elastomer, the first data at zero time is the order
parameter obtained after stretching a film at room temperature to a draw ratio of 5, i.e., 400%
extension. The fihn under strain was then exposed to 10-min unpolarized UV irradiation and 2min unpolarized visible irradiation; following each irradiation the order parameter was
measured. For each elastomer, the lower orientation level is observed after the UV uradiation,

while the higher orientation level is established by the visible irradiation. Qualitatively, the
switchable orientation is observed for the three elastomers, but significant differences are
evident. Approximately, AE1 can have its orientation dropped to about 25% and recovered to

65% of the initial level on UV and visible irradiation, respectively. While for AE2, UV
exposure can only decrease the orientation to about 50% of the initial value, and visible
irradiation brings it back to 65%. As for AE3, the stretching-induced orientation is much lower
than the two others, and the erasure and recovery seem to occur between 50% and 80% of the
mitial level. Varying parameters such as irradiation times, fihn thickness and draw ratio change
these values but the trends remain the same. That is, a significant orientation of azobenzene
mesogens can be induced by stretching fihns ofAEl and AE2 at room temperature, whereas
the orientation degree is very low for AE3. Upon UV irradiation, the photoisomerization
process converts more oriented trans-azobenzene to disordered cis-azobenzene m AE1 than in
the two other elastomers.

Among the three elastomers, the very small orientation of AE3 may be explained by the
relatively high Tg of this grafted azobenzene polymethacrylate. Although its accurate value

cannot be determined from the DSC measurement (Figure 33), judging from the Tg of the
homopolymer, it should be in the range of 50 °C. The decrease in Tg of the elastomer as
compared to the homopolymer arises from interfacial interactions between the azobenzene
polymer and the PB matrix, which is elastic and has a low Tg of about -80 °C. Therefore, when
AE3 films are stretched at room temperature, the microdomains of the azobenzene polymer are
m the glassy state and, consequently, no effective orientation of azobenzene mesogens can be
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induced. The situation is different for the two azobenzene polyacrylates. Because of the lower
TgS of the homopolymers, the TgS of the azobenzene grafts in AE1 and AE2 are likely to be
below room temperature. Therefore, when stretched at ambient conditions, the azobenzene
polymer is in a liquid crystalline phase, and a long-range orientation of the azobenzene
mesogens can readily be developed. However, on UV irradiation, the orientation erasure in

AE1 is significantly greater than in AE2. This difference may be explained by their different
photoisomerization behaviors.

Figure 60 presents the UV-Vis spectra taken from unstretched thin fihns of the three elastomers

before UV irradiation (thick lines) and after 10-min irradiation (thin lines). In all cases, the
trans-to-cis photoisomerization occurs during the exposure, leadmg to a decrease in absorbance
of the broad peaks around 360 nm for trans-azobenzene; while the increase in population ofcisazobenzene is seen from the peaks around 450 nm. As pointed out above, this process is at the
origin of the orientation erasure on UV irradiation. However, as compared with AE1 and AE3,
the spectral changes ofAE2 are clearly less important.

Figure 61 shows the changes in absorbance of the peak of trans-azobenzene, normalized with
the absorbance before irradiation, during a 30-min period ofUV irradiation and a subsequent 4hr period after turning off the irradiation. For AE2, not only the reduction m population of
trans-azobenzene upon UV irradiation is much slower than AE1 and AE3, its thermallymduced cis-to-trans backisomerization is much faster. These results suggest that under
continuous UV irradiation, the equilibrated population of cis-azobenzene in AE2 is smaller
than in AE1 and AE3, which accounts for the limited decrease m orientation of azobenzene
mesogens. Both AE1 and AE3 have an OCHs end group in their azobenzene moiety while AE2
carries a CN group in its azobenzene moiety, which results in a shorter lifetime for the cis
isomer.
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3.5. Conclusions

Azobenzene elastomers exhibit strong coupled mechanical and optical effects. The main
features about the coupling of mechanical and optical effects on the mesogenic azobenzene

groups in the AE films is schematically illustrated in Figure 62, where four different states of
azobenzene groups in the film are depicted, and for each state two polarized UV-vis spectra of
the film are shown (solid and dashed lines for polarization parallel and perpendicular to the
strain direction, respectively). In the unstretched fihn, 7, the elongated trans-azobenzene
groups, whose absorption maximum is around 360 nm, are in the LC phase (119) but have no
long-range orientation, as is seen from the spectra displaying no dichroism. If the unstretched
film is exposed to UV light, the trans-to-cis isomerization occurs and the photochemical phase
transition results in disordered cis-azobenzene groups (bent form), 2, absorbing at about 450
nm and showmg no dichroism. This process can be reversed by the trans-to-cis
backisomerization of azobenzene either with visible irradiation or through thermal relaxation.
From 7, if the film is stretched, trans-azobenzene groups are aligned along the stram direction,
3, resulting in the dichroism of the absorption peak. This mechanically induced orientation is
enhanced by the liquid crystallinity of the azobenzene polymer (119). However, when the
stretched film is illummated with UV light, the orientation of the trans-azobenzene groups is
lost as they change to bent-shaped cis isomer (119), 4, which is revealed by the spectra. The
situation in 4 can also be produced from 2, i.e., stretching the film after UV irradiation. All the
processes depicted in Figure 62 are reversible as indicated by the arrows; all changes in the
opposing directions were observed experimentally.

The coupled mechanical and optical effects generate unique properties for azobenzene
elastomers. Light induced switching between orientation-on and orientation-off states can be
created. Moreover, as will be discussed in Chapter 4, the elastic deformation imparts new
feature to diffraction gratings recordable on photoactive polymers.
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Chapter 4
JVIechanically Tunable Diffraction Gratings

4.1. Introduction

Photoactive polymers are promismg materials for holographic recordmg having potential for

data storage and optically configurable photonic device applications (120-137). Generally, the
chromophore is either doped in a polymer matrix (122,123) or covalently bound to the polymer
(86,121). Azobenzene-contaming polymers are among the most studied photoactive polymers
(29,126,132,138). The reversible photoisomerization between the stretched trans and the bent
cis isomers of the chromophore is the property exploited in all studies. When azobenzene
polymers are used for holographic recording, a simple grating formation due to a periodic
modulation of refractive index between disordered trans and cis azobenzene is not the most
useful and efficient way, because of the small index difference. However, other mechanisms of
grating formation have been discovered, particularly for two types of azobenzene polymers,
which have been proved to be very interesting. On the one hand, amorphous azobenzene
polymers can be used to record prominent surface-relief gratings using an interference pattern
(12,16). Photoinduced massive mass transport on the surface of the polymer is believed to be at
the origin of the phenomenon, even though the actual mechanism for the mass transport is still
a subject of investigation (48). On the other hand, liquid crystalline azobenzene polymers turn
out to be excellent for volume holographic gratings (121,139). In this case, the large
modulation of refractive index arises from a photochemical phase transition between the
nematic state, which is compatible with the rod-like trans azobenzene, and the isotropic state
that contains disordered cis azobenzene.

In this chapter, we discuss the use of azobenzene elastomers to record diffraction gratings that
can be controlled by deformation. As the unique feature of elastomers is the capability of
undergoing large and reversible deformations, photoactive elastomers may be designed to
couple the mechanical effects arising from deformation and the optical activity of the
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chromophore, which may lead to interesting functional properties. There are at least two

utilities that are worth being exploited for elastic holographic materials: 1) using the
deformation to enhance the diffraction efficiency, since the mechanism leading to the spatial

modulation of refractive index may be amplified by large deformation; and 2) adding the
tunability to the holographic gratmg through reversible deformation of the film, as the
deformation may dictate changes in the period of grating and the dif&action angle as well as
the film thickness that affects the diffraction efficiency. Reversible transition between different
diffractions regimes can also be conceived with elastic holographic gratings. We investigated
the recording of gratings on stretched AE films using two methods. Firstly, gratmgs were
mscribed on films through a photomask, and the mechanically tunable diffraction properties
through simple fihn extension and retraction were studied. Secondly, we investigated the use of
the azobenzene elastomers as elastic holographic materials. The dynamic process of grating
formation was monitored for films stretched to various extents in order to reveal the effects of
deformation and to understand the mechanisms for the grating formation. As is shown in this
chapter, the results suggest that the photoisomerization of azobenzene mesogens in stretched
films may induce structural reorganizations in the polymer, leading to stable elastic gratmgs

with high diffraction efficiency.

4.2. Recording through Photomasks

From the results in Chapter 3, we know that when a film of AE is stretched at room
temperature, azobenzene mesogens are easily aligned in the strain direction because of the

liquid crystallinity. Upon irradiation with polarized or unpolarized UV light, this orientation is
erased as a result of the trans-to-cis photoisomerization, while on a subsequent irradiation with
polarized or unpolarized visible light, the initial stretching-induced orientation is recovered due
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to the cis-to-trans back-isomerization. Using this coupled mechanical and optical effect, we can
inscribe dif&action gratmgs on the stretched film through the use of a photomask or
pattern produced by lasers. This is schematically shown in as shown in Figure 63. In this
section, we present the results obtained by using photomasks (glass, prepared from electron

beam lithography).

4.2.1. Formation ofGratings

The typical process employed was as follows. A stretched film was placed behind a photomask

and exposed to UV light at X = 360 nm, or to visible light at K = 440 nm. Then the film was
relaxed to recover the initial length. The UV and visible exposures were conducted using a

1000W Hg (Xe) lamp (Oriel) with filters. The actual irradiation intensity was about 2 mW cm"
for UV, and 7 mW cm~^ for visible light. The irradiation light time was 10 min.

As schematically illustrated in Figure 64, there are actually two ways to record gratings. The

first method consists in irradiating a stretched fihn behind a photomask with UV light, the
exposed areas lose the orientation due to photoisomerization, while the unexposed areas retain
the orientation. In the second method, a flood UV irradiation is first applied to the stretched
film to randomize the oriented azobenzene groups, then the photomask is placed, and a visible
light irradiation is applied to the film. In this way, the exposed areas have the orientation
recovered, while the unexposed areas do not. However, gratmgs obtained by the second
method were not as clear and stable as those obtained by the first method. In principle, using

both methods, the obtained gratings should be birefringent gratings that are induced by
different orientations of the azobenzene moieties. This will be discussed in detail in the section
ofholographic gratmg.

The polarizing optical micrographs shown in Figure 65 are example of grating inscribed on
stretched AE films. Figure 66 shows an example of grating recorded using the second method,
i.e. with visible illumination on a film flood-irradiated with UV light.
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Figure 64. Schematic illustration of two possible ways of recording a grating
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(a)

(b)

(c)

Figure 65. Gratings inscribed on stretched films ofAEll by UV illumination through
photomasks with different fringe spacings: (a) 5jJ,m; (b) lOjim ; (c) 20|J.m.
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Figure 66. Gratings (10 |Lim period) recorded on a stretched AE11 films by visible
exposure through a photomask. The film was flood-irradiated with UV

light.
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As will be argued later, the differences in azobenzene orientation and conformation are not the
only mechanism responsible for the formation of grating. After recording, as the stretched film
is highly anisotropic, when viewed on polarizing microscope, no grating can be seen if the
strain direction is parallel to one of the crossed polarizers. However, rotating the film by a
small angle reveals the grating with irradiated areas appearing much darker than non-irradiated
areas. Using phase-contrast microscope, the grating is clearly observable whatever the position
of the stretched film. Figure 68 shows an example of a same grating of 10-|Lim fringes, recorded
on an AE1 film stretched to a draw ratio of 5, viewed on both polarizing microscope, by
rotating the strain direction by about 5° to crossed polarizers, and phase-contrast microscope
without rotation of the film. A number of elongated defects can be seen on surface of the film
as they were amplified by the large defonnation of the elastomer.

Polarized infrared measurements on stretched AE12 fihns before and after mscription of the
gratings confirm that under the used conditions the formation of gratings is mainly related to
the photoisomerization-induced changes in orientation of azobenzene. A fihn had an initial
stretching-induced orientation of S = 0.36; after inscription of the grating using UV irradiation,
the orientation dropped to <S' = 0.16, which is consistent with the randomization of the
azobenzene moieties in about half of the film, whereas another film having the same stretching
induced orientation was used for grating writing using the second method. The randomization
of oriented azobenzene moieties by flood UV irradiation resulted in S = 0.03; after inscription
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Figure 67. Grating inscribed on a film ofAEl stretched to draw ratio of 6 using
unpolarized UV irradiation and a photomask of 20 [im fringe spacing:
( a) grating parallel to the strain direction; ( b ) grating perpendicular
to the strain direction.
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N

Figure 68. Optical micrographs of a gratmg recorded on an AE1 fihn stretched to draw

ratio of 5: ( a ) viewed on polarizing microscope by placing the strain
direction at 5° to crossed polarizers; (b ) viewed on a phase-contrast
microscope. The strain du-ection is normal to the fringes. The fringe
spacmg of the gratmg is 10 [im.
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the grating with visible light, the orientation was recovered to S = 0.22. In both cases, the
orientation loss or recovery was slightly higher than what would be expected if
photoisomerization occurred in half of the film. This is probably caused by a somewhat loose
contact between the film and the photomask, leading to light diffraction from the mask into
some areas of the film behind the dark frmge. If the photochemical phase transition is at the
origin of the orientation loss and recovery, the perturbation resulting from the phase transition

in exposed areas (bright fringes) could be propagated into unexposed areas (dark fringes),
which accounts for the results.

Although changes in orientation of the azobenzene moieties are responsible for gratings on
stretched azobenzene elastomer films, other observations and evidences suggest the occurrence
of some permanent structural or morphological changes related to photoisomerization of
azobenzene in the films under strain. The most striking observation is that gratings are much
more stable on films retracted right after the inscription of grating. For instance, as UV
irradiation is applied to a stretched film with photomask, the irradiated areas lose the
orientation because of the cis-rich state of azobenzene, while the nonirradiated areas retam the
orientation with azobenzene m the trans-rich state. When the film is relaxed after irradiation,
the nonirradiated areas also lose the orientation of azobenzene moieties in the trans-rich state.
(Infrared measurements confirmed the absence of any long-range orientation in relaxed films.)
At that point, the grating on the relaxed fihn, looking very prominent under crossed polarizers,
should be a refractive mdex grating related to the cis-rich and trans-rich states in irradiated and
nonirradiated areas. If this conformational difference is the only reason for the grating, it
should disappear after a couple of days as the thermal cis-to-trans back-isomerization converts
azobenzene moieties in uradiated areas into the trans-rich state. However, a series of gratings
on relaxed films, which were inscribed perpendicular to the strain of the film using photomasks
with fringe spacing ranging from 5 to 50 pn, remained stable after 6 months. These gratings
cannot be erased by flood UV or visible irradiation but can be removed by heating the films to
above 120 °C, which is about the nematic-to-isotropic transition temperature of the azobenzene
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homopolymer. This is another indication that azobenzene grafts in the elastomer samples form
liquid crystalline microphases.

4.2.2. Elastic Gratings with Mechanically Tunable Diffraction of Light

The gratings recorded in the AE11 film are elastic m the sense that their period, which
determines the diffraction angle, can be reversibly changed by the elastic deformation of the
film. Figure 69 shows an example of such elastic gratings. On a flhn stretched to 300%
extension, i.e., a draw ratio of 4, two gratmgs with lO-^Lm fringe spacing were written parallelly
and perpendicularly, respectively, to the strain direction (photo a). The irradiated areas,
mcluding an uncovered region between the two photomasks, appear dark. The stretched film
was then allowed to retract to its half-length (photo b)', the fringe spacing of the perpendicular
grating decreases, while it mcreases for the parallel one. (Note that one can easily find the
Poisson coefflcient relating the x, y and z deformations of our elastomer). Gratings can be
inscribed at any alignments, which result m different changes in fringe spacing upon elastic
extension and retraction of the fihn. Moreover, these gratings are anisotropic and sensitive to
their relative orientation to the crossed polarizers. The micrographs in Figure 69 were taken
with the strain direction making a small angle (about 5°) to the polarizers, where the gratings
are clearly visible. When the strain direction is parallel to one of the polarizers, the whole film
shows extinction and the gratings can hardly be seen.

The first-order diffraction of light was measured using an AE11 film containing 10% of
azobenzene SCLCP grafts. For the measurements of diffraction, a He-Ne laser operating at
632.8 nm was used. Its polarization was set and controlled using a Glan polarizer and a
halfwave plate. Both transmitted and diffracted signals were detected using photodiodes at a
large distance (0.8 m) from the AE fihn to avoid scattering noise and to measure the diffraction
for large draw ratio of film. The setting of second detector was always done by lateral
displacement and maximizmg the measured intensity. The diffraction angle 0 was extracted
from the ratio of the distance between the two signals over the distance from the film. First-
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direction
-^

Figure 69. Polarized optical micrographs for a ) two gratmgs (10 pm fi-inge spacing)
inscribed on an AE11 film stretched to 300 % extention, with their fringe
parallel and perpendicular to the strain direction; and b) the two gratings
on the same film retracted to the half-length.
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order dif&action efficiency (r|) is calculated from r|=(2Id)/(2Id+It) , where Id is the intensity of
the first-order diffraction light and If is the intensity of transmitted light. The film was stretched

to 300% extension (it had a thickness of about 10 [im under strain); after inscription of a
grating perpendicular to the strain direction, the film was relaxed. The measurements were
carried out on the film that was fixed on a manually controlled stretching device and subjected
to extension and retraction. Figure 70 shows both the measured diffraction angle, 0, and the
calculated fringe spacing, A, according to A=^/(2sinG), as a function of draw ratio.

The diffraction efficiency was also measured as a function of draw ratio, and the results are
shown in Figure 71. Taking into account the experimental uncertainties related to the
measurements, data m Figure 71 seem to pomt out a quite reversible change in the dif&action
efficiency upon extension and retraction of the fihn. It may be seen that the diffraction by this

type of grating is quite efficient and dependent upon the deformation of the fihn; the efficiency
increases as the fihn is stretched up to about 170% extension (no measurements could be made
at larger deformations because of the dif&action angle becoming too small to place the two
detectors side-by-side). This result indicates that differences between irradiated and nonirradiated areas are greater when the film is under a larger strain. On the other hand, it was

found that the diffraction efficiency is highly polarization-sensitive.

Figure 72 shows the plots of the diffraction efficiency vs. the polarization angle of the probe
light for a film under a 150% extension (draw ratio of 2.5) and at the completely relaxed state

(draw ratio of 1). A polarization angle of 0 means that the polarization is parallel to the strain
direction, which is horizontal. The diffraction efficiency changes in a similar way in both cases;
it decreases as the angle between the polarization of the probe light and the strain direction
increases. With respect to the grating, the maximum efficiency is found when the polarization
is perpendicular to the fringes, while the minimum efficiency is observed when the polarization
is parallel to the fringes. Errors on the data of diffraction efficiency were estimated to be below
± 0.3%.
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In the completely relaxed state, as non-irradiated areas should be isotropic, the result in Figure
72 suggests that irradiated areas was anisotropic. The probe light senses a larger difference
between reactive and non-reactive areas when the polarization is perpendicular to the fringes
than when it is parallel. When a film is under strain, non-irradiated areas also become
anisotropic because of the stretching-induced orientation of both polybutadiene (PB) chains and
azobenzene mesogens. However, this orientation also enhances the anisotropy in the irradiated
areas and, surprisingly, the polarization dependence remains the same as in the relaxed state,

although the diffraction efficiency increases ( Figures 71 and 72 ).

As ah-eady mentioned, the orientation study in Chapter 3 found that irradiated areas lose the
orientation of azobenzene mesogens upon UV exposure due to the trans-to-cis
photoisomerization, which should mitiate the formation of the grating. But when the fihn is
relaxed, both irradiated and non-irradiated areas lose the orientation of azobenzene and, at
room temperature, recover to the trans-rich state after about 10 h. Therefore, the stable grating
observed in the relaxed film implies that some structural or morphological changes occurred
during the photoisomerization of azobenzene in the irradiated area. This is not unlikely
considering the fact that, under a highly stretched state, aligned azobenzene moieties are linked
to the oriented, rubbery PB chains, which interconnect the PS cylindrical microdomains actmg
as the crosslinking points and supporting the mechanical force in this type of thermoplastic
elastomer. The randomization in the orientation of azobenzene moieties during the irradiation
under strain may affect the orientation of the PB chains and induce a rearrangement of the PS
cylinders. The mechanism will be discussed in detail m the section ofholographic recording.

4.2.3. Influence ofAzobenene SCLCP

Diffraction gratings can be recorded on stretched films of all the three elastomers by UV
irradiation through a photomask. When a stretched film with a grating is repeatedly relaxed and
stretched, diffraction angles increase or decrease as a result of reversible changes in the period
of the grating. An example of results is given in Figure 73 for an AE2 fihn initially stretched to
a draw ratio of 5 for the recording of a grating and then subjected to two cycles of relaxation

136

and extension of the film. Both the dif&action angle and frmge spacing change reversibly
within experimental errors. The period of grating was simply linearly proportional to the fihn
deformation.

The first-order diffraction efficiency was also measured as a function of draw ratio. Figure 74
shows some results obtained for the three elastomers under the same conditions. In this
experiment, the fihn of each elastomer was first stretched to a draw ratio of 5 at room
temperature, and then exposed to UV irradiation through a photomask of20-|mi fringe spacing.
Immediately following the recording of grating, the diffraction efficiency was measured while
relaxing and stretching the fihn for two cycles. For the sake of clarity, only data for the 1st
cycle ofdeformation are presented; the 2 cycle gave rise to the same results.

It is clear that the three elastomers behave differently, among which AE1 shows the highest
dif&action efficiency (~ 13%). In all cases, however, changes in diffraction efficiency on
retraction and extension of the fihn are reversible within experimental errors. For AE1, the
dif&action efficiency remains essentially unchanged over a wide range of large deformations
despite the change in the period of grating. It then drops quickly when the draw ratio is under 2.
For AE2, the diffraction efficiency is much lower than AE1 and strongly dependent on the
defonnation, going through a maximum of about 3% at a draw ratio around 3. In contrast with

AE1 and AE2, the dif&action efficiency ofAE3 varies little with the deformation, ranging from
near 5% to 3% in the relaxed fihn. A number of factors may contribute to determine the
dif&action efficiency. Nevertheless, as explained above, the gratings here should be mainly
volume gratings arising from periodic changes in orientation and conformation of the
azobenzene mesogens. In non-irradiated areas the orientation oftmns-azobenzene is that
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Figure 74. First-order dif&action efficiency vs draw ratio for gratmgs inscribed on
films of the three elastomers stretched to draw ratio of 5 and subjected
to retraction (closed symbols) and extention (open symbols). The
measurements were performed immediately after recording of the gratings.
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induced by stretching, but this orientation decreases in irradiated areas due to the appearance of
disordered cis-azobenzene. As is shown in Figure 59 (Chapter 3), among the three elastomers
AE1 has the highest orientation induced by stretching and the largest decrease in orientation on
UV irradiation, which means the largest change in refractive mdex and which explains the
highest diffraction efficiency observed. The almost constant diffraction efficiency at large
deformations may be explained by the fact that the stretching-induced orientation in nonirradiated areas is similar for draw ratios above 2, which is characteristic to SCLCPs (141).

When the film is completely relaxed, the orientation is lost, and the difference in refractive
index is mainly between disordered trans-azobenzene in non-irradiated areas and cisazobenzene in irradiated areas. This difference must be very small because the elastomer
contains only about 8% of the azobenzene SCLCP, which results in the rapid decrease in
dif&action efficiency as the film is approaching the relaxed state. In line with the above
discussion, lower diffraction efficiency would be expected for AE2 and AE3. In the case of

AE2, the orientation erasure on UV irradiation is limited; while for AE3, its stretching induced
orientation is akeady very small. Qualitatively, the results in Figure 74 are consistent with the
analysis. However, a closer look at the results suggests that changes in orientation of
azobenzene mesogens should not be the sole factor determining the diffraction. In the case of
AE3, there is little orientation in the stretched film even before irradiation so that a periodic
change in orientation after irradiation should not be the primary factor for the diffraction

grating. This actually is reflected by the absence of a rapid drop in dif&action efficiency for
AE3 in the relaxed state. The dif&action efficiency ofAE3 is much lower than AE1 but greater
than AE2, which cannot be accounted for only by differences between trans-azobenzene and
cis-azobenzene of the 8% azobenzene polymer. In other words, some structural or
morphological rearrangements of SBS related to photoisomerization of azobenzene mesogens
in irradiated areas may take place. This hypothesis was indeed supported by a number of
experiments, some of which are discussed below.

On the one hand, remind that the measurements described in Figure 74 were completed within
about one hour after the UV irradiation for recording of the grating. Because of the very slow
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thermally induced cis-to-trans back-isomerization in the films (Figure 61), most cis-azobenzene
remained in irradiated areas during the experiments. After the measurements, the relaxed fihns
were kept in dark. It was found that the thermal backisomerization was completed after about 4
hours for AE2 and 10 hours for AE1 and AE3. So once the equilibrated trans-rich state was
recovered in the relaxed fihns after 10 h, in principle, any remaming grating due to the periodic
presence of trans-azobenzene and cis-azobenzene should disappear. A re-stretching of those
fihns should result in no grating neither because the stretching induces orientation of transazobenzene throughout the whole film. However, when the three relaxed films were examined
two weeks later, gratings were still observable on microscope, although less prominent than
those shortly after UV irradiation. These stable gratmgs should be the result of some permanent
structural rearrangement in the elastomers, which was induced by the photoisomerization
process. Their first-order diffraction efficiencies were measured again during two cycles of
stretching and retraction; and data of the 1 cycle are presented in Figure 75.

The results in Figure 75 show that in all cases the dif&action efficiency is significantly reduced
but still varies reversibly with deformation. Interestingly, the remaining gratmg ofAE3 has the
least decrease m diffraction efficiency among the elastomers, which implies that its grating
formed during UV irradiation would indeed be due to a structural rearrangement rather than
changes in orientation ofazobenzene mesogens, as discussed above.

From the results discussed above, it was found that the dif&action efficiency is strongly

dependent on the polarization of the probe light as well as the alignment of the fringes with
respect to the strain direction. For all the experiments discussed above, gratings were recorded
with the fringes perpendicular to the strain, and the diffraction efficiency was measured with
the polarization of light parallel to the strain. The diffraction efficiency decreases as the
polarization makes an angle to the strain and reaches the lowest value when the polarization is
normal to the strain direction, in the previous. More drastic effects on the diffraction were
observed from the alignment of the fringes relative to the stram direction. When the fringes
were inscribed parallel to the strain (parallel grating), a considerable decrease in diffraction was
found for all the elastomers. For AE1, under the same conditions of recording, the diffraction
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Figure 75. First-order diffraction efficiency vs draw ratio for gratings remained in the
same films as in Figure 74, 2 weeks after the recording ofgratings. The films
were subjected to extention (closed symbols) and retraction (open symbols).
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efficiency of a parallel grating was dropped to below 50% of that of a perpendicular grating.
For AE2 and AE3, in most cases the diffraction of parallel gratings was so weak that it could
not be measured with certainty. This feature also hints for a structural rearrangement in the
elastomers, as can be argued in a simplistic way using the schematic illustration in Figure 76.

It is known that in a highly stretched SBS fihn, the oriented PB chains are supported by PS
cylmdrical microdomains inclined to the strain, and that rearrangement of PS cylinders can
occur even at T<Tg of the PS microdomains, being accompanied by changes in orientation of
the rubbery PB chains (86,142). For the azobenzene elastomers, it is well conceivable that
photoisomerization of azobenzene mesogens, which are dispersed in the PB matrix, could
affect oriented PB chains and results in rearrangement of PS cylinders. Considering the SBS as
a background, the probe light sees different refractive indices, n// and n^, with its polarization
parallel or perpendicular to the strain. As for the azobenzene polymer, in both parallel and
perpendicular gratmgs depicted m Figure 76, irradiated areas mainly contain disordered, bentshaped cis-azobenzene and non-irradiated areas contain oriented, rod-like trans-azobenzene.

For a given polarization of light, the diffraction efficiency of both parallel and perpendicular
gratmgs should be similar if 1) the SBS background undergoes no changes initiated by
photoisomerization of azobenzene in irradiated areas, or 2) same changes in SBS occur m
irradiated areas regardless of the alignment of the fringes. Because under those conditions, the
differences in refractive index between irradiated and non-irradiated areas should mamly arise
from differences between disordered cis-azobenzene and oriented trans-azobenzene. As already
mentioned, this is not the case. The perpendicular grating shows much higher diffraction

efficiency than the parallel grating. Due to the highly anisotropic morphology of stretched SBS,
it is possible that structural rearrangement of SBS associated with photoisomerization of
azobenzene be more severe in perpendicular gratings than in parallel gratings. Another
interesting observation that can be made from Figure 76 is about the contribution of
azobenzene mesogens to the observed strong polarization dependence of the dif&action
efficiency. In both cases of parallel and perpendicular fringes, when the polarization of light is
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parallel to the strain, light sees the extraordinary refractive index oftrans-azobenzene, He , in
non-irradiated areas and the average refractive index of cis-azobenzene, n , in irradiated areas.
In the case where the polarization of light is perpendicular to the strain, light senses the
ordinary refractive index of trans-azobenzene, njran\ in non-irradiated areas and still n in
irradiated areas. In the latter case, the diffraction efficiency is smaller because the difference
between n^ans and n is smaller than the difference between n^ans and n .

4.3. Holographic Gratings

In this section, we present a holographic recording study that helps us to understand the grating
formation mechanisms in azobenzene elastomers and show the potential of this type of elastic
holographic materials.

4.3. L Experimental and Setup

The AE sample was AE1. Thin AE films were prepared by casting a chloroform solution on the
surface of a glass plate, and dried in a vacuum oven at 50 C. After drying, the films were
removed from the glass plate and kept in dark before use. The optical setup for recording

holographic gratings is sketched in Figure 77. A Kripton UV laser (?l=350 nm) was used for
writing the gratings, and a He-Ne laser (X=633 nm) was used as the probe to measure the
diffraction efficiency and to monitor the dynamics of gratmg formation. Gratmgs were
recorded on stretched films, which could easily be fixed on a glass slide using an adhesive tape,
with the two pumping beams producing the mterference pattern both linearly polarized
perpendicular (s-s geometry) to the stram direction that is in the incidence plane, while the
probe beam was polarized parallel to the strain of the fihn. The crossing angle of the two
recording beams was adjusted to yield gratings with various periods. The power per recording
beam with a diameter of 4 mm was measured usmg a powermeter placed in front of the film.
Photodiodes were utilized to measure the transmitted intensity. It, and the diffracted intensity

(+1), Id, of the probe beam simultaneously. The first order dif&action efficiency (+1) was
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Figure 77. Sketch of the optical setup used for holographic recording: 1-beam expander;
2-beam splitter; 3,4-pairs ofk/2 and Prism ofGlan for the independent
control of the polarizations and powers of two writmg beams; 5- X/2 for
He-Ne; 6-sample.
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calculated as the ratio of Id over It, where If is the transmitted intensity before the writing of
grating.

As illustrated in Figure 62 (Chapter 3), holographic gratings were written on stretched films
with oriented trans-azobenzene, 3. Therefore, the grating a priori should be a grating whose
spatial modulation of refractive index arises mainly from oriented trans-azobenzene in
unreactive areas (dark frmges of the interference pattern) and disordered cis-azobenzene in

reactive areas (bright fringes). It should be emphasized here that as discussed m Chapter 3 that
even when the stretched AE film is exposed to linearly polarized UV light, the only
consequence is the conversion of trans-azobenzene to cis-azobenzene regardless of the
polarization of irradiation light with respect to the strain direction. The absence of a
photoinduced reorientation of the azobenzene groups in this polymer was mamly explained by
a stable cis-isomer (119,143).

4.3.2. Results and Discussion

Figure 78 presents some results of grating formation dynamics in films stretched to various
strains; the recordmg beams were switched on at the zero time. Unless otherwise mentioned,
the holograms obtained were in the Raman-Nath diffraction regime. In this example, the period
of grating is 2 (im and the power per pumping beam is 160 mW/cm^. For comparison, the
recording dynamics for an unstretched film is also shown. A grating is formed even in the
unstretched film, which is expected due to the difference in refractive index between disordered
trans-azobenzene and cis-azobenzene, i.e., between 1 and 2 m Figure 62. The dif&action
efficiency T| is, however, small because of the small modulation, and increases very slightly up
to an exposure time of 300 s. When the film is stretched to a strain of only 20%, T| already
displays a higher value, which shows the contribution from oriented azobenzene groups in the
stretched fihn. Moreover, it is noticed that after a decrease following the peak value within the
first 40 s exposure, T| increases significantly with time. These features become much more
prominent with the film stretched to a strain of 300%. At this large deformation, trans-
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Figure 78. First-order (+1) diffraction efficiency vs. exposure time for films stretched to
various strains. The period of grating is 2 [im and the power per recording
beam is 160 mW/cm.
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azobenzene groups are well oriented (119) and the index mismatch is more unportant, resulting
in higher diffraction. However, this azobenzene grating appears unstable as r| drops after about
20 s. Interestingly, another grating forming process starts to develop at longer exposure tunes
and T| rises again. The effects of the film deformation on the grating formation dynamics
continue to amplify with the film stretched to a stram of 400%. These results show two
phenomena: first, the deformation enhances the dif&action efficiency, and secondly, there are
two grating formation processes taking place m the course of exposure.

Other experiments confirmed the different natures of the two processes. Figure 79 shows an
example, in which the writing conditions are the same as in Figure 78 and the film was
stretched to a strain of 400%. Once the recordmg beams were turned on, the diffraction was
observed as the grating was formed. But before the diffraction reached the peak, the writing
beams were turned out, which happened some 1.5 s after the writing started, and the dif&action
was monitored for about 180 s. Over this period of time, without exposure, the grating was
quite stable, showing a slight decrease in T|, which may be caused by some thermal relaxation
of the cis-azobenzene groups. The sharp drop of T| for about 15 s occurred when the

polarization of the probe light was changed by 90° to be perpendicular to the strain direction
(the initial polarization was brought back after the 15-s period). When the writing beams were
set on again, the diffraction rose again to complete the first process, and then dropped as the
second process started to appear. These results indicate that the grating formed quickly upon
exposure comes mainly from, as expected, oriented trans-azobenzene and disordered cisazobenzene groups, which is revealed by the strong dependence ofr| on the polarization of the
probe light. It is easy to picture that when the polarization is parallel to the strain, the probe
light feels the extraordinary refractive index of trans-azobenzene and the mean index of cisazobenzene in the unreactive and reactive areas, respectively, and the difference is large. By
contrast, when the polarization is perpendicular to the strain, the difference is now between the
ordinary refractive index of trans-azobenzene and the mean mdex of cis-azobenzene, and is
very small (144). The erasure of the first grating seems to be caused by some structural
perturbations arising from the photoisomerization of azobenzene mesogens. The development
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of a second grating formation process at longer exposure times is reminiscent of the formation
of a surface relief grating in azobenzene polymers (145-147). However, we checked the
samples with AFM, and found no surface relief grating. There is no surprise, because the used
s-s polarization geometry for the two writmg beams, whose vector of the electric field is
parallel to the fringes, is known to be ineffective for inducing surface relief grating (148).
Therefore, the second process should be origmated from some sort of structural reorganization
in the stretched films. The different nature of the second grating is also hinted by the less
important polarization dependence of the dif&action efficiency. For samples with a welldeveloped second grating, changing the polarization of the probe light to be perpendicular to
the strain decreases T| by only about 30%, m contrast with the 90% drop in Figure 79, for the
first grating.

Here, more discussions are necessary regarding the possible effects of a photoinduced
reorientation of the azobenzene mesogenic groups on the formation of the second grating. For
LC azobenzene polymers, the photoinduced reorientation is generally observed under polarized

uradiation (149,150) and believed to be at the origin of holographic gratings (151,152). This,
however, is unlikely to be the case for the AE films. As already mentioned in Chapter 3, studies
using polarized UV-vis and infrared spectroscopy clearly showed the absence of such
photoinduced reorientation in stretched AE films (119). A very slow thermally induced cis-totrans backisomerization of the used azobenzene polymer was thought of as the main cause (3).
It is worth being mentioned that recent investigations in this laboratory on diblock copolymers
containing a LC azobenzene polymer revealed that the photomduced orientation of azobenzene
groups is severely reduced inside the constrained microdomain structures (153). In the light of
this finding, the particular morphology of the AE samples, with the azobenzene polymer grafts
located in microdomains dispersed in the PB matrix, may also contribute to prevent the
reorientation. Moreover, an analysis of other parameters also dismisses the possibility of any
significant effect of the photoinduced reorientation, if there is any, on the formation of the
second grating. On the one hand, with the used s-s polarization geometry the polarization of the
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Figure 79. First-order diffraction efficiency vs. time for a film stretched to 400% strain:

1) UV writing beams turned on, 2) writing beam turned off, 3) polarization
of the probe light changed by 90° for 15s, and 4) writing beam turned on again.
The period of grating is 2 |LLm and the per recordmg beam is 160 mW/cm .
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Figure 81. Increase in diffraction efficiency with exposure time for the second grating
recorded on fihn stretched to 400% strain. The inset shows the dynamic
process of the first 40 s. The period of grating is 5 jtm and the power
per recording beam is 160 mW/cmz.
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interference pattern is perpendicular to the strain direction and the photoinduced orientation of
azobenzene groups would be in the same direction as the stretch-induced orientation;
consequently, no effective index modulation could be expected. On the other hand, unlike the
LC azobenzene polymers used in most studies ofholographic recording, the AE sample used m
this work contains only 8% of azobenzene polymer; even a strong reorientation of such a small
amount of azobenzene groups could not account for the observed high dif&action efficiency
shown below. Finally, there is a report on holographic gratings formed in an elastomer (154)
due to photoinduced orientation of azobenzene chromophore, but the system is totally different
because the azo dye used was doped in the polymer and the study involved no deformation of
the elastomer. On the basis of the above analysis, a structural rearrangement initiated by the

coupled mechanical and optical effects in the stretched AE fihns is most likely to be
responsible for the second grating.

Before discussing the possible structural rearrangement m stretched AE films leading to the
second grating, it is worth reporting a number of other experiments. Figure 80 shows the
influence of the intensity of the writing beams on the recording dynamics on films stretched to
a stram of 400%, with a grating period of 5 jjjn. The power per recording beam used was 40,80
and 160 mW/cm^, respectively. As the power increases, the erasure of the first azobenzene
grating is faster and the second process starts more quickly. Using the film exposed to the 160
mW/cmz recording beam. Figure 81 demonstrates that with long exposure time very high
dif&action efficiency can be achieved, over 30% after 25 min. The inset in the figure shows the
grating formation dynamics for the first 40 s. This strong mdex modulation depth is another

indication that the second grating is unlikely to be originated from differences m orientation
and/or conformation of the 8% azobenzene polymer in the AE film. It would rather be formed
through structural changes of the whole elastomer. In any event, should the azobenzene groups
were the sole factor responsible for the second grating, the grating structure would be
disappeared days after the holographic recording as a result of the thermally induced cis-totrans backisomerization, which restores the equilibrium concentration of trans-azobenzene
throughout the whole film.
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Figure 82. Polarizmg optical micrographs showing the grating remained in the film
seven months after the recording. The period in the relaxed state is 1 pm,
and it increase to 2.5 |nm under a strain of 150%.
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Table 4. The measured first-order dif&action efficiency of the grating in Figure 82 as
function of the fihn deformation. The data were used to calculate the refractive
index modulation of the grating in Figure 83.

Fihn length L

Draw radio T

Fihn thickness d

(pm)

(mm)

T1 (%)

n (%)

(extention)

(retraction)

10a

1.0

26.0°

11.44

12.46

12

1.2

23.7

14.09

15.60

15

1.5

21.2

14.51

16.21

17

1.7

19.9

12.63

14.10

20

2.0

18.4

8.64

9.15

22

2.2

17.5

6.51

7.28

25

2.5

16.4

3.34

3.80

30

3.0

15.0

2.79

2.79

the initial fihn length;" the initial fihn thickness.
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This is not the case, as Figure 82 shows the grating remained in the fihn, used for Figure 81,
seven months after the recording. During that period the fihn was stored in dark and in the

relaxed state. As the initial grating had a period of 5 [im and recorded on the fihn stretched to
400% strain, the grating in the relaxed state has a period of 1 pm. The film shows no signs of
degradation and remains highly elastic. Subsequent stretching, in the direction perpendicular to
the fringes, increases the period by an amount that is linearly proportional to the deformation,
as can be noticed from the example of 150% strain that gives a period of 2.5 (im.
The diffraction efficiency of this remained holographic grating was measured upon extension
and retraction of the film. Summarized in Table 4 are the fihn length (measured between two
ink marks for each step of stretching or retraction), the corresponding draw ratio F=L/Lo,

where Lo is the initial fihn length before deformation and L the fihn length at a deformation,
and the measured T| as well as the film thickness d at each deformation. The initial thickness
before deformation do=26 urn was measured using a digital micrometer, whereas the change in
thickness upon deformation was calculated according to d=doF°'5, which is valid for
elastomers (155), in order to not alter or break the fUm during the optical measurements. The
data in Table 4 show that r| changes in a reversible fashion within experimental error; it
increases slightly with the deformation up to a strain of about 50%, i.e., F=1.5, and then
decreases at larger strains. Since only the diffraction in the Raman-Nath regime was observed,

we estimated the modulation ofrefractive index of the grating. An, from ^"QcdAnA,) (139),
where ^ is the wavelength of the probe light. Taking X=633 nm and do=26 [im into the
equation leads to An=7.75xl0~3(r|r)05. From the date in Table 4, An at all deformations was
calculated and the results are shown m Figure 83, together with the plots of T| vs. T for
comparison. Qualitatively, r| changes in a similar way to An with deformation of the fihn,

indicating that the change ia T| is partly determined by the change in An. However, at high
strains of T>2.5, the sharp decrease in T| should be caused by the further decrease in the fihn
thickness, because the change in An is much smaller.
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Figure 83. Changes in both difi&action efficiency and modulation ofrefractive index
as a function of draw ratio, for the grating remained in the film seven

months after the recording (Figure 82).
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Let us consider now the structural rearrangement in the AE films that could be responsible for
the formation of the second holographic grating. To try to answer this question, we start the
analysis with SB S, which is an extensively studied thermoplastic elastomer. It is well known
that with about 20-30% PS, the micro-phase-separated PS cylmdrical domains play the role of
cross-links, and that under high strain the oriented PB chains are supported by the PS cylinders
that are aligned themselves at an angle to the strain direction. The works of Hashimoto and

coworkers (140,156) have shown that when a highly stretched SBS fihn is annealed even at
temperatures below the glass transition temperature Tg of the PS microdomains (~ 70 °C),
plastic flow of PS chains may take place at the interface, which results in a relaxation of
oriented PB chains and a change in the alignment of the PS cylinders as well. This thermally
induced structural rearrangement in stretched SBS is more important with increasing the
annealing temperature, which reduces the activation energy for the plastic flow of PS chains.

The consequence of the PB orientation relaxation is a loss in the elasticity of the film (the film
cannot recover to its initial length after removal of the stress), and the extent of this orientation
relaxation can be qualitatively measured by the residual deformation of the fihn in the relaxed
state. For stretched AE fihns, which contain more than 90% SBS, we propose the following
mechanism to explain the observed behavior of holographic grating formation. The formation
of the second grating is believed to originate from a similar orientation relaxation of the PB

chains, which is induced by an isothermal photochemical phase transition (157,158) from
oriented trans-azobenzene to disordered cis-azobenzene.

The AE sample contains some 8% azobenzene polymer grafts chemically connected to the PB
chains, and the azobenzene polymer would form microdomains embedded in the PB matrix

(119). In a stretched AE fihn, m addition to the glassy PS cylindrical microdomains, the LC
azobenzene microdomains may also act as cross-links and support part of the extensional
stress. When the writmg UV laser is turned on, the photoisomerization in the excited (reactive)
areas converts oriented trans-azobenzene into disordered cis-azobenzene, which actually
corresponds to an isothermal photochemical phase transition from the LC phase to the isotropic
phase. As the azobenzene polymer in the isotropic phase is more fluid than in the LC state
(159), its microdomams are no longer effective as crosslinking points and, consequently,
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relaxation of oriented PB chains may occur, releasing the stress. As this happens, the stress is
no longer uniformly distributed in space as before irradiation, and local structural
reorganization may follow to rebalance the stress along the strain direction. This might be
enough to disorder trans-azobenzene groups in the non-excited areas, which explains the
erasure of the first grating. As the irradiation continues, the excited areas may undergo further
structural changes due to the photoinduced isotropic state of the azobenzene polymer. That is,
similar to the effect of thermal annealing at higher temperatures, in the optically plasticized
areas, i.e., excited areas, greater plastic flow of PS chains takes place, which results in greater
PB orientation relaxation and rearrangement of the PS cylindrical domains. The formation
dynamics of the second grating, arising from such stmctural changes, should be slow and
dependent on the power of the writing beam, which indeed is the case.

Unfortunately, polarized infrared spectroscopy could not be used to monitor the PB orientation

in stretched AE films because of the overlapping of the absorption bands of SBS with those of
the azobenzene LCP. However, the suggested light-enhanced PB orientation relaxation,
triggered by the photochemical phase transition of the azobenzene polymer, was qualitatively
confirmed by a simple experiment. When a fihn was irradiated under 400% strain for 30 min,
the residual deformation after removal of the stress, i.e., the loss of elasticity, increased by
more than 50% as compared to fihns subjected to the same treatment without irradiation. We
tried to record holographic grating on a pure SB S film stretched to 400% strain; no grating was

observed with the highest pump power used in this study (160 mW/cm^ per beam), indicating
that the photochemical phase transition is necessary for the second grating-formation process.
In principle, the index modulation depth of the second grating could come from three
contributions: different PB chain orientations, different arrangements of PS cylindrical
microdomains and different azobenzene conformations and aligmnents. It has been shown from

birefringence (156) and infrared dichroism measurements (86) that residual PB chain
orientation exists in relaxed SBS fihns. Therefore, in a relaxed AE fihn after writing of the
second grating, different residual PB orientations and different arrangements for PS cylindrical
domains may exist in the excited and non-excited areas. The form birefrmgence of SBS with
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29% of PS and perfect oriented cylindrical domains is about 6x10 (156). The AE fihn
discussed in Figure 81, which had a remained grating in the relaxed state seven months after
the recording, has a much greater refractive index modulation (An=0.026). This implies that
different residual PB chain orientations in the excited and non-excited areas could be the

leading factor for the stable gratmg in the relaxed fihn. When the film is stretched, the index
modulation depth may actually increase at modest strains, because different arrangements of PS

cylindrical domains (anisotropic cross-link points) may lead to different PB chain orientations
(86,140,156), while under large strains the difference in PB chain orientation would become
less important, resulting in a decrease in An. This would explain the results in Figure 83.

Finally, holographic gratings with a small period of 0.5 pm can also be written on stretched

films, but the dif&action now enters the Bragg (thick) regime, with the diffraction spot
observed only at the resonance angle. Figure 84 shows the recording dynamics for a fihn
stretched to a strain of 400%; the power per recording beam was 127 mW/cm^. Though the two
gratmg formation processes can still be noticed, the dif&action ef&ciency becomes much
smaller than in the Raman-Nath regime. In particular, the small period of 0.5 ^m seems to
approach the limit for the stmctural rearrangement to develop, leading to the low diffraction
efficiency of the second grating. Indeed, as the grating period further decreases from 0.5 pm by
relaxing the fihn, the dif&action becomes too small to be detected. Another interesting feature

about the tunability of these elastic holographic gratings is the deformation-induced transition
between the two diffiaction regimes. We observed this phenomenon with a 1-pm-period

grating recorded on a stretched film (400% strain). The grating was initially in the thin fihn
dif&action regime. As the fihn was relaxed, the period decreased while the film thickness
increased, and the Bragg diffraction appeared in the relaxed film. The transition occurred over
a range ofdeformations, in which both diffraction regimes were observed.
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Figure 84. Dif&action efficiency vs. exposure time for a grating in the Bragg
regime recorded on a fihn stretched to 400% strain. The period of
grating is 0.5 jtm and the power per recording beam is 127 mW/cm .
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4.4 Conclusions

Photoactive elastomers are worth being explored as elastic holographic materials, for which the
large and reversible deformation can be used to enhance the index modulation depth, to control
the dif&action angle and to change the dif&action regune. In the case of the azobenzene-grafted
SBS investigated in this work, holographic gratings recorded on stretched fihns are formed
through two mechanisms due to the coupling of mechanical and optical effects. Photoinduced
isomerization from oriented trans-azobenzene to disordered cis-azobenzene in excited areas is
responsible for the first grating, which is formed quickly upon exposure but unstable, and also
initiates the second grating formation process at longer exposure times. The second grating,

with high dif&action efficiency and stable in the relaxed state, is believed to originate from
enhanced orientation relaxation of the mbbery PB chains m the excited areas that are optically
plasticized by the photochemical phase transition of the azobenzene mesogens.
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Chapter 5
General Conclusions

5.1 Significance of the Research

The research work reported in this thesis is the first study of azobenzene-containing elastomers
aiming at exploring the combmed effects of a large and reversible elastic deformation and the
photoisomerization of azobenzene chromophore. To investigate the validity of this idea,
azobenzene elastomers have been synthesized for the first time and used in the studies of
coupled mechanical and optical effects as well as grating formation.

The synthetic method discussed in Chapter 2 has been proved to be easy and efficient.
Thermally induced free radical polymerization of acrylate or methacrylate-based monomers
bearing an azobenzene mesogenic group in a solution with dissolved SBS gives rise to grafting

of the azobenzene side-chain liquid crystal polymer (SCLCP) onto the mbbery polybutadiene
block of SBS. Despite the simplicity, the choices made in the synthesis were ingenious. The
starting copolymer SBS is an excellent thermoplastic elastomer with PS microdomains acting
as physical cross-links, which makes possible to dissolve the resulting azobenzene elastomer in
organic solvents and solution-cast or spin-coat thin fihns on substrates. This is important for
spectroscopic studies and exploitation for possible device applications. The use of azobenzene
SCLCP, instead of amorphous azobenzene polymers, was designed to achieve a high
orientation of azobenzene moieties m the fihn by stretching in order to enhance the anisotropy

of the materials and to amplify the effects of photoisomerization. Li principle, the synthetic
method can be applied to other thermoplastic elastomers such as styrene-isoprene-styrene
(SIS), and the approach of grafting azobenzene mesogens into an elastomer structure is even
more generic.

Studies in Chapter 3 by means of polarized UV-vis and infrared spectroscopy have
unambiguously demonstrated the coupled mechanical and optical effects m azobenzene
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elastomers. Stretching the fihn induces a long-range orientation of azobenzene mesogenic
groups along the strain direction; exposing the stretched fihn to either polarized or unpolarized
UV light can erase this orientation as a result of the isomerization ofazobenzene from the trans
conformer to the cis conformer. However, a subsequent visible light irradiation of the stretched
fihn brings back the orientation of azobenzene mesogens due to the occurrence of the cis-totrans back-isomerization. On the basis of these results, an optical switching between
orientation-on and orientation-off states was realized with stretched fUms of azobenzene
elastomers. The use of three different azobenzene SCLCPs in the elastomer has allowed
investigations on the factors that may influence the coupling of mechanical and optical effects.
Of them the glass and mesophase transition temperatures of the azobenzene SCLCP are
particularly important m determining the degree of the mechanically induced orientation of
azobenzene mesogens, while the concentration of azobenzene cis isomer at the photostationary
state affects the orientation erasure under UV light irradiation.

The potential utilities of azobenzene elastomers have been investigated through studies of
grating formation (Chapter 4). It was found that diffi-action gratings could be recorded on
stretched films using either irradiation through photomasks or interference patterns produced
by two laser beams. In particular, the grating formation dynamic measurements from
holographic recording have revealed fhe mechanisms involved in the process. The grating
appeared quickly upon exposure is originated from the photoisomerization of oriented transazobenzene, but the second grating developed at longer exposure times is likely the result of a
stmctural rearrangement of SB S involving relaxation of PS cylindrical microdomains and PB
chains, which is activated by the liquid crystal-to-isotropic photochemical phase transition of
azobenzene SCLCP in the irradiated area. The end result is that gratings, which are stable in the

relaxed state and display high diffmction efficiency, can be inscribed on stretched fihns of
azobenzene elastomer. The interest of such elastic holographic materials has been
demonstrated. On the one hand, the easy defonnation at room temperature can be used to
enhance the refractive index modulation depth and thus to increase the dif&action efficiency.
And on the other hand, the elastic deformation adds the mechanical tunability to the gratings,
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since their period, diffraction angle and efficiency can be reversibly changed by simple
extension or retraction of the film.

The research conducted in this thesis represents a significant advance in the field ofphotoactive
polymers due to the conceptual design and the demonstrated potential of a new type of
photoactive polymers, namely azobenzene elastomers. The studies show that azobenzene
elastomers may be useful materials for the development of mechanically tunable optical and
photonic devices.

5.2 Suggestions for Future Works

There are several directions for future research on azobenzene elastomers. For the SBS-based
system investigated in this thesis, it would be of interest to use polarized Raman
microspectroscopy to study the structural changes involved in the formation of holographic
gratings. The small excitation laser beam, in the order of a couple of micrometers, can sample
both irradiated and non-irradiated areas; differences in orientation of PB chains may be
revealed. On the other hand, it is also interesting to study the reversible transition between
different diffraction regimes (from Raman-Nath to Raman and vice-versa) using azobenzene
elastomers . For this study, holographic gratings need to be recorded on thick films (thickness ~
200 [im for 2-3 |im period, for example) under large strain. As the fihn is relaxed, the decrease

in the period of grating combined with the increase in film thickness would lead to the
transition from Raman-Nath diffraction to the Raman regime, and the reverse process should
take place on extension of the film.

An important drawback of SBS-based azobenzene elastomers is the structural instability under
strain. It was noted that for a transparent fihn stretched to a strain of 400%, the film gradually
became translucent after about 1 h and eventually became opaque over time. This is explained
by the plastic flow of PS chams resultmg in restructuring of the PS cylinders, which occurs
even at room temperature (86). Device applications require highly stable materials. Two
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approaches could be envisioned to overcome this obstacle. The first consists m using a stable
elastomer, such as chemically cross-linked PB or polyisoprene, as a supporting film, whose
surface is coated or (chemically) grafted with a thin layer of an azobenzene polymer
(amorphous or liquid crystallme). A surface-relief grating can then be recorded on the
azobenzene polymer using an interference pattern (15,16), and deformation of the elastomer

would result in deformation of the azobenzene polymer layer (160-162) and thus changes in the
diffraction grating. In this way, the covalent cross-lmks of the supportmg elastomer would
eliminate the structural instability encountered with SBS-based azobenzene elastomer. The
challenges are the preparation of high-quality thin fUms of the elastomer and adhesion of the
azobenzene polymer layer on the supporting elastomer.

The second possible way to get rid of the instability problem of SBS is to develop new
azobenzene elastomers. To this regard, polysiloxane-based materials would be particularly

interesting because of their high optical transparency and stability (117, 118). The polysiloxane
elastomer used may have an azobenzene SCLCP grafted to it, or azobenzene mesogenic
moieties incorporated in its structure as side groups. In all cases, the azobenzene polymer
should be liquid crystalline to promote high stretching induced orientation. Because of the use
of covalent crosslinkmg the elastomer is no longer thermoplastic, and the challenge remains to

be the making of thin fihns that are mechanically strong enough to be peeled off from the
substrate and used for repeated stretching and relaxation. The stmctural rearrangement in
stretched SBS, which is responsible for the formation of the stable grating, may not be
observed in these new elastomers, but new phenomena arising from the coupling of mechanical
and optical effects may well be discovered.
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