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Abstract

The authors reviewed their results obtained in recent years in the field of development of advanced optically controlled polymer systems
based on photochromic cholesteric liquid crystalline (LC) polymers and their blends with each other and with low-molar-mass chiral and
photochromic dopants. Recent advances in the research dealing with the design and study of photo-optical properties of photoresponsive
LC polymers composed of nematogenic, chiral and one or two photochromic fragments incorporated in the same monomer units or entirely
into the macromolecule as individual monomers are discussed. All polymer systems form cholesteric phase with a helical supramolecular
structure. The light irradiation leads to the isomerization of one or two photochromic groups, which results in the variation in the helical
twisting power of chiral fragments. This process is accompanied by dramatic changes in the supramolecular helical structure and optical
properties of the LC polymer. This provides the possibility for controlling the pitch of helix, the rate of helix twisting and untwisting,
spectral range, and the width of the selective light reflection. The photochromic LC systems offer new promising materials for reversible
and irreversible colour data recording that can be used in optical memory systems (data storage), holography, colour projection techniques
and give rise to a new generation of videodiscs, flat light guides and coatings with photocontrollable optical properties.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction (backbone) via flexible aliphatic (or hydroxyaliphatic) spac-
ers with a variable lengthHg. 1). Such macromolecular
Rapid development of various modern systems for record- nature of photochromic LC polymers has great advantages
ing, transfer, processing, and display of data, visualization over polymer—dye-mixtures.
of images, as well as miniaturization of the optical devices  First of all, this concerns the solubility of dyes in
requires, both solving numerous technological problems andpolymer matrix; the maximum content of “host-dye” in
creating new materials capable of providing rapid and reli- the polymer—dye-mixtures in general does not exceed
able response to the control signals transmitted by electro-1-5mol%,; a higher concentration of dyes leads to the phase
magnetic fields, particularly by the light and laser actions. separation of the mixture. The photochrome-containing
Among various inorganic and organic photorespon- copolymers are more stable due to the covalent bonds of dyes
sive materials usually referred to as “smart or intelligent with LC “mother-matrix” and the content of photochromic
materials”, the photochromic liquid crystalline (LC) poly- monomer units may reach several tens of percentages.
mers systems are of indubitable interfist12] All these In addition, a simple procedure of the preparation of
polymers successfully combine the physico-chemical prop- such copolymers in the form of thin film (for example, via
erties of macromolecular compounds (with their ability of spin-coating) and easy handling present a special attraction
forming films, fibers, elastomers), the mesomorphic proper- from the practical point of view.
ties of low-molar-mass liquid crystals and photosensitivity =~ The pronounced ability of these compounds for self-
of chromophores, covalently incorporated into the polymer organization and formation of various ordered supramolec-
chain as the side groups. ular structures present a considerable interest from the
The most simple molecular structure of such LC poly- standpoint the development of new “smart” materials with
mers consists of mesogenic (typically, nematogenic) and optically controlled supramolecular structure and physical
photochromic fragments chemically linked to the main chain properties (optical data storage, display technology, holog-

raphy, etc.).
* Corresponding author. Tel:7-95-9391189; fax:+7-95-9390174. It should be pointed out that the photo-optical investi-
E-mail address: Icp@genebee.msu.su (V. Shibaev). gations associated with LC polymers were begun at the
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Fig. 1. Schematic representation of molecular structure of binary photochromic LC copolymer.

middle of the eighties and were namely performed on the processes in LC and amorphous binary photochromic (in
base of binary photochromic LC copolymers forming ne- particularly azo-containing polymers) have been repeatedly
matic structureKig. 1). A key role determining the optical  described in the literaturgt,5,7,12] and they are beyond
properties of these polymer belongs to the photoisomeriz- the consideration of this work.
able side groups (azobenzene, spiropyran, cinnamatic acid In this paper, our attention is focused on more complex
fragments, etc.) which play the role of effective “switchers” and sophisticated photochromic LC polymer systems form-
capable of significantly changing their configuration and ing cholesteric type of mesophase characterized by a helical
conformation under the polarized light action. supramolecular structure, which are a considerable interest
For instance, the photochromic groups of azobenzene-for development of a novel family of promising photoactive
containing LC copolymers may undergo a reversible materials for reversible and irreversible colour data record-
trans—cis (E-Z) isomerization due to the light irradiation ing.
with an appropriate wavelength. This leads to the photo- The first publications devoted to the synthesis and study
chemical configurational changes of azobenzene groupsof photosensitive chiral LC polymers with photocontrolled
which are transformed from rigid-rode (mesogenic) shape helical supramolecular structure and selective light re-
to a nonmesogenic bent shape. As a result the supramolecflection wavelength were appeared recently, at the end of
ular structure and the optical properties of polymer films the 1990s. These pioneering investigations were carried
are dramatically changed—the photochromic and (togetherout on the chiral photochromic LC copolymers based on
with them) nematogenic groups are oriented so that their benzylidene—menthanone derivatives by our grfigs-15]
long axes would be perpendicular to the electric vector and Philips research teafii6,17] independently of one
direction of the polarized light. In other words, the light another.
irradiation effectively selects molecules by orientating them  In this paper, first of all, the main concept used as the basis
in a preset direction that causes the appearance of a confor development of photoactive cholesteric LC polymers will
siderable photoinduced birefringencan( ~ 0.25-0.30) be considered and after that the different possibilities of ma-
[5,7,11,12]due to a cooperative character of the orienta- nipulation in their optical properties by means of light irradi-
tional process. This process is reversible, which allows theseation will be discussed. In so doing the main attention will be
copolymers to be used as reversible optically active media given to more complex ternary copolymers containing two
for recording black-and-white images with controlled gray different photoactive groups in their macromolecules and to
scale[3,4,7,11,12] Detailed investigations into the mech- photochromic mixtures of LC polymers with each other and
anism and kinetics of photochemical and photo-optical with low-molar-mass chiral-photochromic dopants.
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Fig. 2. Scheme showing (a) the arrangement of mesogenic groups and dopant molecules in cholesteric phase and (b) the planar texture of a sample
confined between two glass plateB. i6 the helix pitch;s is the director of liquid crystal; the helix axig is normal to the glass plates; L and R are
left- and right-handed components of circularly polarized light).

2. Helical supramolecular structure of LC cholesteric Thus, a unique feature of the LC polymers forming

copolymers and principle of photoregulation of their cholesteric phase is the ability to selectively reflect light in

optical properties the UV, visible, or IR spectral range, in accordance with the
helix pitch.

The use of LC copolymers forming a cholesteric (or chiral ~ The main parameter determining the helix pitch is called
nemati¢) mesophase offers very interesting possibilities for the helical twisting powep of an optically active dopant
development of smart materials with photoregulated optical introduced either by mechanically mixing with the LC ma-
properties. trix composition or by chemically binding to the polymer

It is well-known, that cholesteric mesophase is a macromolecule. Thg value is inversely proportional to the
mesophase with a helical supramolecular structure formedhelix pitch and is related to the chiral dopant concentration
by chiral molecules or by doping the nematic host with chi- X by the equation:
ral guest molecules in which the local direcibprocesses qp-1 a1
around a single axisFH{g. 29 [18]. For the normal inci- B = ( ) =7 (ﬂ) (2)
dences of a light beam upon a planarly oriented cholesteric dX /x—o dX /Jx—o
texture (with the helix axiZ perpendicular to the layer), the The helical twisting powes of a chiral dopant depends on
helix pitch P is related to the wavelength of the maximum nymper of factors, including the interaction with the LC ma-
selective light reflectionmax by a simple equation: trix, the temperature and the molecular structure and shape
Amax = P (1) of the dopant molecule (or chiral fragment in the case of
macromolecule).

Taking into account the features of photochromic and
chiral LC polymers Figs. 1 and R the original approach

wherern is the average refractive index of the LC polymer.
It should be noted, that the structure repeats itself every half

pitch (@ = P/2) due to the equivalency af and —7i. for the development of polymer cholesteric liquid crystals

.In addition the helical structur(_a is handed; one enantiomerWith photocontrolled helix pitch andmay were advanced
will generate a left-handed helix (L), and the other enan- [13,15-17]

tiomer will produce a right-handed helix (R). If a cholesteric
sample has L-helix, 50% of L-handed circularly-polarized
light is reflected and 50% of R-handed circularly-polarized
light is passed through a sampled. 2b).

The main principle of the development of such light-
controllable LC polymers is based on the synthesis of pho-
tochromic copolymers whose macromolecules consist of
. . . mesogenic (as a rule, nematogenic) and combined chiral-

The s!de-chaln LC polymers_ capable - of formmg photochromic groups which are chemically linked in the
cholesteric phase are usually obtained by the copolymeriza- common monomer unitHg. 35. In this case, mesogenic
tion of nematogenic and chiral (not necessarily mesogenic) fragments are responsible for the formation of the nematic
monomers forming binary chiral LC copolymeiSig. 39. phase, chiral groups provide the twisting of the nematic

1In the following presentation the chiral nematic phase and chiral phase and formation of helical SUpramOIeCUIar structure.

nematic structure will be referred to as cholesteric phase and cholesteric Finally, photochromic fragments can easily change their
structure, respectively. molecular structure under the light irradiation.
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Fig. 3. Schematic representation of molecular structure of (a) chiral LC polymer and (b) chiral-photochromic LC polymer.

The light irradiation with a certain wavelength leads 3. Binary LC copolymers with combined

to the photoinduced transformations of the photochromic chiral-photochromic monomer units

groups which (being directly bound to chiral fragments)

affect both the configuration and shape of the side-chain Some chemical formulae of the LC copolymers contain-

group. This leads to a decrease both in the anisometry ofing chiral and photochromic groups in the same monomer

chiral-photochromic groupHg. 4) and the helical twist-  unit obtained by us and by Philips group are shown in

ing power 8 of a given chiral group (se€&q. (2). A Table 1 As is seen, copolymerd—6 contain the same

decrease inB (B2 < pB1) leads to the untwisting of the nematogenic groups while the molecular structure of

cholesteric helix which is accompanied by a shift in the photochromic groups were varied in a wide range. The

selective light reflection maximum to longer wavelengths. number of photochromic copolymers containing photo-

Thus, using light irradiation as the external control fac- sensitive fragments such as doubleGand NN bonds,

tor, one may effectively modify the optical properties of and chiral menthanone and menthyl groups were used

polymer films by changing the local supramolecular helical [10]. Taking into account a series existing publications

structure. devoted to the chiral-photochromic LC binary polymers
[13-25]in this short review we will give only a few exam-
ples related to these systems and after that more complex
chiral-photochromic LC polymers will be considered.

1750 . : : : —
|_,__D__D_r;—rr—cv—cr“—"/uyD
1500+ 5 mol %
A 1250 1
V-irradiation ] i
1U g 1000 10 mol %
~ -
< 750- OO e e e e 1
5004 At ot 15 mol%
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(b) 2501 ]
20 40 60 80 100 120
B. T/°C

Fig. 4. Scheme illustrating the structure of a LC copolymer with combined Fig. 5. Temperature dependencies of the maximum of selective light
chiral-photochromic side group (a) before, and (b) after a light irradiation. reflection for copolymer® (Table 1) with different content of chiral units
Helical twisting powers, < B1. [13,14]



V. Shibaev et al./Journal of Photochemistry and Photobiology A: Chemistry 155 (2003) 3-19 7

Table 1
Molecular structure of combined chiral-photochromic LC copolymers

Polymer m, n References
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As follows from[13-15,191the copolymerd—4 (Table J) place. In this case the—Z-isomerization is responsible for
is characterized by the formation of the cholesteric phase an increase in the pitch of helix, and the twisting power
in a wide temperature—concentration range and its pla- of Z-isomer is likely to be much lower. Irradiation induced
narly oriented films selectively reflect a circularly polarized variations in the helical twisting powe$ are associated
light. Fig. 5 shows the typical plot of the selective light with a strong change in anisometry of chiral-photochromic
reflection peak wavelength versus temperature for a onefragment (se€ig. 4). Anintrinsic helical twisting poweg /i
series of copolymers films. These data clearly shows that(seeEgs. (1) and (9)of E-isomer of menthanone-containing
monochromic films (quite stable up to 80—90) reflecting group is changed in the range of 1341mM1) (depending
visible and IR light can be obtained. Upon UV-irradiation on the molecular structure of chiral side groups); but after
followed by annealing of the samples the photochromic irradiation this value is lowered by a factor at 10.
benzylidene—menthanone side groups of such copolymers The rate photochemicadt—Z isomerization process is

are able to undergo tHe-Z isomerization strongly temperature-dependent: the greater the temperature
(0]
o o
E -isomer Z -isomer - (y

and the peak of the selective light reflectiomgy) shifts to at which the samples were irradiated, the higher the rate
a longer wavelength region, that is, untwisting of helix takes of untwisting Fig. 6). These kinetic curves clearly show
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' T i T (Fig. 7b. It would be emphasized, that the image is very
1400 115°C 1 stable and can be kept for prolonged time during several
years.

However, from the practical point of view, the series of
copolymersl—7 suffer from one drawback. They can be used
only for irreversible recording becauBeZ isomerization of
chiral-photochromic benzylidene—-menthanone (copolymers
1-4 and7, Table 1) as well as cinnamoyl fragments (copoly-
mers5 and®6, Table J is irreversible.

This problem may be solved by synthesizing the other
series of binary copolymei® containing azobenzene pho-
tochromic group capable of reversible light-induced isomer-
ization. In our previous works, we used this chromophor for

0 50 100 150 200 the synthesis of a series of azo-containing amorphous and
Time / min LC copolymers forming reversible photosensitive materials
Fig. 6. Kinetics of the helix untwisting for copolymet (Table J [5’12,]' Based on these data, we have Obtam,eq anew series
containing 15mol% of chiral units irradiation at various temperatures. Of Chiral-photochromic LC copolymers containing the same
(Air = 313nm, power density of UV-irradiated 0.7 mW/&m nematogenic group as well as photochromic azo-group and
terminal chiral menthol fragment covalently linked into the
same monomer unit:

[ |

s
H—COO—(CH2)3—COO@OOC@OCH3

A

GH,

EH—COO—(CHz)ﬁ—O—@COOQ—N=N@COO Q

how we can untwist the helix and change the colour of the  After the UV-irradiation E-Z-isomerization of chiral-
polymer film. Moreover, the colour of the films can be fixed photochromic monomer units takes place and configuration
at any wavelength by cooling the samples below the glassand shape of the side group are drastically changed as is
transition temperature. shown below:

UV-irradiation,
=N 365 nm

= O O,

A d
Z-isomer
E-isomer 0.
B, o c B

Using the mask (or test pattern), it is possible to change In this casef, value becomes less thgh and region
colour locally recording the colour image on the colour of selective reflection of light shifts to the red region. In
film. This phenomenon opens up a new way to record other words, it means that the helical structure is untwisted.
coloured data and to store it on the coloured background. However, this process is completely reversible and heating
Fig. 7ashows the scheme of the information recording and of the sample leads to the twisting of the helix.
an example of an image recorded on a film of copolymer Fig. 8 shows the reversibility of the recording process. In
1, containing 15mol% of the chiral-photochromic units each cycle the polymer film was irradiated during 30 min
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Fig. 7. (a) Sketch of the information recording on the planarly oriented polymeric LC film with the local pitch variation and (b) photo of the film with
letters corresponding to the Russian abbreviation for Moscow State Unive?sign(l P, are the pitches of the helix; > Pi; Z- is the axis of the helix).

by UV-irradiation at 90C. During this process the green From the viewpoint of the high fatigue resistance of
colour of the film was transformed into the red one. Then the copolymer in the repeated recording—erasing cycles
the same film was heated during 20 min at the same tem-allow one to conclude that such polymers may be used as
perature. The colour of the film was changed again from the materials for the reversible colour recording of optical
red to green. It means that one can perform the reversibleinformation.

changes of the recorded image without any marked loses of

coloured characteristics in the repeated “recording—erasing”

cycles. 4. Multifunctional photochromic cholesteric LC
copolymers
6401 - T - Combined chiral LC copolymers containing several dif-
T T T ferent photosensitive groups in one and the same macro-
6201 o TO PP ZELER L0 T molecule could be of significant interest. Versions of the
. ‘ ‘ molecular design of such polymers are presentefidgn 9.
£ 600 y One may c_onclut_je that the “simplest” copolymer (from a
b= ] | synthesis viewpoint) should contain four types of monomer
2 580 J units including of one mesogenic, one chiral, and two
photochromic groupsHig. 99. Such a copolymer may be
5604 l ‘ i obtained, for instance, by radical polymerization of four
ot hppoodt Lo o0 | monomers with the appropriate functionalities. However,
s40 as far as we know, such copolymers are not described in

literature. Light irradiation of a hypothetical copolymer
might induce the photochemical reactions only in the pho-
tochromic groups, leaving the chiral fragments and the heli-

Fig. 8. Fatigue resistance properties of the film of LC copoly@exith cal twisting powers unchanged. Therefore, it is difficult to
15mol% of chiral units under the recording—erasing cycles. expect that the optical properties of such a copolymer will

Number of cycles
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Fig. 9. Design of photochromic LC polymers with different molecular architecture.

be essentially changed because the helical twisting powerterials with fascinating optical properties. Let us consider
of the chiral fragments might remain the same during irra- few examples of multifunctional LC copolymers obtained
diation. It seems likely that the same situation will occur by us.

for the molecular structure shown ffg. 9h

In this case, the copolymers with the molecular structure 4.1, Ternary copolymers containing photosensitive and
shown inFig. 9¢ and dappear to be better candidates for combined chiral-photochromic side groups
photoregulation. Hence, on€i¢y. 99 or two (Fig. 99 chi-
ral centers are covalently linked with photochromic groups.  The existence of two different types of chromophores in
Using light of the appropriate wavelength one can sepa- a single macromolecule is of considerable interest for the
rately stimulate the photochemical reactions in each pho- creation of the new promising multifunctional materials and
tochrome. As the latter ones are chemically connected with for manipulation of their optical propertiebi@. 9). Despite
chiral groups, the helical twisting power of each group is obvious difficulties related to the combination of two pho-
changed. All side photochromic and chiral groups shown tochemical and a series of photo-optical processes, in the
in Fig. 9 look like rigid rods, i.e. they have a mesogenic same materials, any approach to their synthesis is of consid-
shape. However, this requirement is not necessary. An im- erable interest from academic and technological view points
portant point is that a liquid crystalline phase should be for the development of unique multifunctional polymeric
retained. materials.

As a result, the unique possibility arises that each pho- For this purpose, we have synthesized a series of ternary
tochrome will respond to a certain wavelength of light irradi- copolymers consisting of nematogenic groups, chiral frag-
ation. The photoinduced chemical transformations will lead ments and two different photosensitive azobenzene- and
to changes in helical twisting power of both chiral groups, benzylidene—menthanone-containing groups, incorporated
and the helical supramolecular structure will be modified. into side chains of macromolecules as individual monomer
The development and design of such complicated multifunc- units (copolyme®) or combined chiral-photochromic units
tional polymer systems allows the preparation of novel ma- (see below copolymet0).
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The structural formula of the first series of the ternary a long-wavelength peaki.fax = 365 nm) corresponds to
copolymers9 is shown below: the m—n* electron transition of cyanoazobenzene groups
whereas a short-wavelength peakialax = 262 nm cor-
responds to ther—m* electron transition of mesogenic
i:z OO (CH €00 0oc ocH phenylbenzoate units The peak associated with the absorp-
L, (CHos <:> C> } tion of benzylidengz-menthanone fragments appears only
as a “shoulder” at 290-325 nf@6].
o, The UV-irradiation leads to significant changes in the
éH—coo—@Hz)ﬁ—o@—NzN@CN 9 absorption spectra of the copolymeEd. 10. Depending
Ly on the wavelength of the excitation light;, the charac-

— ter of these changes appears to be somewhat different. At

1 .

$H2 0 Air = 365nm, one observes a marked decrease in the ab-

CH—COO—(CHZ)(,—OA@>COO @ sorption peak associated with the-r™ electron transition
Ly ‘ of the cyanoazobenzene groupsy, 109, whereas, atiy =

313nm, changes in the “shoulder” at 290-325nm are ob-
X=5-15 mol%, Y=0.20 mol%, Z=65-75 mol%. served Eig. 10B.

In other words, when dilute solutions of copolymers are
irradiated with a wavelength of 365nm, benzylidene-
menthanone groups experience almostBa@ isomeriza-
tion; isomerization is observed only for azobenzene groups.
At Ay = 313nm, both groups undergo isomerization.
Similar dependencies are observed for thin films of the
copolymers prepared by evaporation of solvent from their
dichloroethane solutions.

TheE-Z isomerization of azobenzene groups is thermally
and photochemically reversible: under the irradiation of the
copolymers with a visible light, a reversible increase in ab-
sorption peak atmax = 365 nm is observed. One may con-
clude that isomerization of various photochromic groups
may be controlled by varying the wavelength of incident
light beam; in the case of azobenzene groups, one may also
change the direction of the whole process. Let us note that
chiral photochromic groups are irreversibly transformed to
the Z-form. However, in the case of cyanoazobenzene chro-
mophores, th&—Z isomerization is fully reversible.

300 400 500 Irradiation and subsequent annealing of planarly oriented
films of copolymers shift the selective light reflection peak

To reveal the specific properties of photo-optical be-
haviour of the ternary copolyme® the photochemical
processes in their dilute solutions were analyzed.

Fig. 10presents the absorption spectra of dichloroethane
solution of ternary copolyme® containing 15mol% of
chiral side units. This spectrum shows two principal peaks:

Absorbance

A/ nm S
@ to the long-wavelength regiorig. 11). As was shown ear-
2.0, lier for copolymers with benzylidenp-menthanone groups,
100 1
8 <
£ =
2 1.0 ; 80
2 =
= =
< b=
£ 60
w)
s
g b
0.0 = a
300 400 500 40 . .
(b) A/ nm 600 1000 1400
A/nm

Fig. 10. Changes of the absorbance spectra for dichloroethane solution of

copolymer9 containing 15mol% of combined chiral-photochromic units  Fig. 11. Transmittance spectra of the copolyngemwith 10 mol% of
during UV-irradiation with light of different wavelength: (a) 365nm and the chiral-photochromic units (a) before and (b) after a 75min of
(b) 313 nm. Irradiation time is shown in figure. UV-irradiation at 100C with Aj;= 365nm.
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this effect is associated with thE—Z isomerization of ented films with a high gradient of helix pitch along the
menthanone-containing chiral photochromic groups, which sample. Examination of such multifunctional chiral pho-
is accompanied by a dramatic decrease in their twisting tochromic cholesteric copolymers is interesting not only
power. It is interesting to note that helix untwisting is likely from the viewpoint of optical data recording; investigation
to be induced by UV-irradiation with both wavelengths of, at least, two competing photochemical processes taking
(313 and 365 nm). In a relatively ‘thick’ film of copolymer, place in such system presents an independent interest.
benzylidengz-menthanone groups are likely to be capable
of a marked absorption even at a wavelength of 365nm. ~ 4.2. Ternary copolymers containing two different

Hence, the effect of UV light on planarly oriented films combined chiral-photochromic side groups
of copolymers may locally change the helix pitch and cor- ] )
respondingly, the selective light reflection maximum. Itis ~ 1he second series of the ternary copolyméfs in-
very important to stress, that tfe-Z isomerization process ~ cludes the compounds with the same nematogenic frag-

is irreversible and the colour (or coloured image) can be Ment (as in the copolymers of the seriéy and two
fixed at anyimax after termination of UV-irradiation. chiral-photochromic monomer units containing azo-menthol

and benzylideng@-menthanone groug&7]:

CH,

(2
CH—COO—(CH2)5—COO@OOC@OCH3
L 1z

—

1
G 10
CH_COO_(CHQ)(,_O@COO N=N COO

\—‘—' Y

7
CH—COO—(CHQ)(,—OA@—C()O @
s g

X=5mol%, Y=5 mol%, Z=90 mol%

At the same time the irradiation of the same film by  This copolymer displays cholesteric phase over a wide
the visible polarized light (Ar laser: 514 nm) induces bire- temperature range betwe&g = 25°C andT = 123°C.
fringence due to photoorientation of only the azobenzene Planarly oriented copolymer films are characterized by
groups not affecting the benzylidepementhanone frag-  selective light reflection in near IR spectral regidimgx ~
ments: no helix untwisting was observed. At the same time 940 nm). Upon irradiation with UV = 365 nm) and visi-
these copolymer films can be used for the holographic imageble light (A > 450), such films experience untwisting of the
recording. A simple holographic grating was recorded using cholesteric helix and a shift in the selective light reflection
the radiation of an Arlasei(= 514 nm). In this case, the ap-  wavelength to long-wavelength regidfigs. 13 and 1} Let
pearance of the photoinduced birefringence which grow par- us emphasize that, upon light irradiation with = 365 nm,

allel to the diffraction efficiency has been observem)(12). a shift in the selective light reflection peak is irreversible;
This process is completely reversible and the image can beat the same time, irradiation with visible light leads to re-
erased by heating of the sample. versible changes ilhmax. In this case, annealing of the sam-

In such a way, a dual photochromism of ternary copoly- ple at temperatures abowves0°C provides for the recovery
mers allows one to record optical information of “two types” of the selective light reflection wavelength to its initial po-
on the same sample. Firstly, by varying the helix pitch and sition (Fig. 14).

Amax due to the short-wavelength light irradiation. And sec- This behaviour suggests the occurrence of BRZ iso-
ondly, due to photoinduced birefringence using polarised merization of benzylideng-menthanone groups under the
light at wavelength more than 400 nm. It means that we can action of UV light and photoisomerization of azobenzene
record and erase the images both separately and together. groups only under irradiation with visible light. In both

The variation of the ratio between tlie and Z-isomers cases,E—Z isomerization decreases the helical twisting
by irradiation also allows one to smoothly change not only power of chiral groups due to the lower anisometry of their
the optical properties but, probably, rheological properties Z-isomer. Under UV-irradiation, one may hardly exclude the
of the system due to a disordering effeceisomeric form, possible photoisomerization of azobenzene fragments but
which should decrease the viscosity of copolymers. the films annealed after light irradiation withy = 365nm

A high optical density of the synthesised copolymers show no back process of helix twisting even at short irradi-
opens wide possibilities for the preparation of planarly ori- ation times. This behaviour is likely to be related to the fact
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Fig. 12. First-order diffraction efficiency growth during holographic recording on copol@eentaining 15 mol% of chiral-photochromic units (orthogonal

polarizations, Ar laser: 514 nm).

that isomerization of benzylideementhanone groups
leads to a more pronounced decrease in helix twisting
power as compared with that of azobenzene fragments. Un-
der given experimental conditions and light irradiation with
Air = 365 nm, only irreversible changes in helix pitch related
to the isomerization of only benzylidemementhanone
groups were observed.

By providing photoinduced changes in the selective light
reflection wavelength, irradiation with visible light allows

one to perform repeated “data recording—erasing” cycles.

As follows from Fig. 15 fatigue resistance of the copoly-

mer is rather high, although one may observe a minor sys-

tematic shift in the selective light reflection wavelength to a
long-wavelength region.

100 -
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60
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401

1000 1200 1400

A/ nm
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Fig. 13. Changes of transmittance spectra of planarly-oriented films of
copolymerl0 during UV-irradiation {i = 365 nm); spectra were recorded
each 10 min of irradiation7j; = 100°C.
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Fig. 14. Selective light reflection wavelength growth during irradiation of
copolymer10 film with light of different wavelength. Temperature of the
sample 80C.

One may conclude that copolymerization of a nemato-
genic monomer with the two different combined photosen-
sitive chiral monomers makes it possible to obtain a new
class of multifunctional polymers with different “responses”
to light irradiation with different wavelength. These copoly-
mers may be used both for reversible and irreversible record-
ing of optical information.

5. Photoresponsive L C polymer mixtures

The considerable opportunity of controlling the supra-
molecular structure of cholesteric polymer systems opens
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up the use of the mixtures of LC polymers with low-molar- ture is selected so that the twisting direction of this ternary
mass chiral-photochromic dopants and photoresponsivemixture is controlled by enantiometric excess of dopant
blends based on chiral and photochromic LC polymers R, that is, the mixture is right-handed. The concentrations

[28-33] of the both dopants are very small, so that the mixture
shows a homogeneous one-phase cholesteric structure with

5.1. Photosensitive mixtures based on LC polymers and aTy = 93-95°C.

low-molar-mass chiral-photochromic dopants The second mixturél is composed of the left-handed

cholesteric copolymel2 containing nematogenic phenyl-

Mixtures of nematogenic polymers with chiral-photo-  hen;0ate groups, and chiral menthol and photochromic
chromic dopants having a different (left or right) twisting 5,0penzene groups as well as dopant

Mixture II:

CH,

I
CH—COO—(CHZ)S—COO@OOC@OCH3
Ll 1ps 12

(97mol%)

1T

i
CH—coo—(CHz)(,—o@coo@—N = N@—COO
02

+ Dopant R (3mol%)

sign offer an interesting opportunity for photoregulation of ~ Mixture 1 is also able to produce a cholesteric mesophase
optical properties of LC polymeric systems. Such mixtures With & Tey = 102-103'C. The composition of this mix-
allow one to obtain materials with variable directions of ture is selected so that the twisting direction is left; that
change in the photoinduced helix pitch. Two types of these is in this case, azobenzene-containing chiral photochromic
systems are considered below. groups dominate. For both mixtures the glass transition tem-
The first mixture| is composed of nematogenic ho- Perature is equal to about 26.
mopolymer responsible for the development of the ne- UV absorption bands for the azobenzene chromophores
matic phase and two low-molar-mass chiral-photochromic Of dopantL and azobenzene groups of copolynierare
dopants which are capable of irreversible and reversible located in the higher wavelength regionmbx= 367 nm
photoisomerization, respectivelfig. 163. The structural ~ for dopantL and Ama=339nm for copolymerl2 in

formulae of the corresponding compounds as shown belowdichloroethane solution) as compared with that of dojsant
[29]. (Amax= 312nm in dichloroethane solution). Furthermore,

Mixture I:

C\Hz 11
CH—COO— (CHy)s—COO0 00C OCH;
(94mol%)
ooc—w:c;;@ OCH; o

(4mol%)

CP@O@—CH:CH—COO
L
CH3—(CH2)9—O@ N=N @COO (2mol%)

Note that dopanR is a right-handed conformer; in other azobenzene chromophores are characterized by the exis-
words, it is able to develop cholesteric helix with right twist- tence of a high-wavelength n# electron transition at about
ing direction[32] while, in contrary, the second dopdnts 450 nm; upon irradiation with a wavelength coinciding with
a left-handed conformg8]. The composition of the mix-  this absorption bandE-Z photoisomerization also takes
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1000 L A L selective light reflection maximum to the high-wavelength
] spectral region whereas, upon irradiation with visible light
990 % o b (>450 nm), the selective light reflection maximum is shifted
980_' T a ] to the short-wavelength spectral regidfig. 17a and p
= . Furthermore, upon irradiation with visible light, this shift in
= 970'_ T the selective light reflection maximum is much lower and
< 960 ] is observed once the photostationary state is attained.
1 Under irradiation with visible light, the shift in the se-
9507 I ] lective light reflection maximum is thermally reversible:
o404 “ ? - upon annealing, this peak is shifted in the reverse direction

N (Fig. 18. It is interesting to note that even though, upon re-
peated recording—erasing cyclésq. 18, the amplitude of
Number of cycles the changes of selective light reflection maximum remains
_ _ ) _ , almost unchanged. However, upon 12 recording—erasing cy-
Fig. 15. Fatigue resistance properties of the copolyd@rfiim under . e . LT
the recording—erasing conditions. In each cycle film of copolymer was C,Ies’ aSy,Stematlc shiftin the position Of selective light reflec-
irradiated during 30 min by light;, > 450 nm at 80C, then was annealed  tiON Maximum to long-wavelength region takes place (from
during 30 min at 100C. 610 to 640 nm). This trend suggests that, upon light irradi-
ation with a wavelength >450 nm, one may observe photoi-
somerization of not only dopait but also irreversibl&—2Z
place. Another important feature of cinnamoyl and azoben- photoisomerization of cinnamoyl dopaRt ({2 + 2} pho-
zene groups is that, in the case of dopansomerization tocyclization is less probable due to low concentration of
of azobenzene fragments is thermally and photochemically dopant[32]).
reversible, while in the case of dopaRtall light-induced In the case of mixturdl, photo-optical behaviour ap-
changes are irreversible. Therefore, upon light irradiation pears to be quite different. Upon UV-irradiation and an-
with a wavelength coinciding with the UV absorption band nealing, the selective light reflection maximum is shifted
of the dopant in enantiometric excess, one should observe ao the short-wavelength region whereas, in the case of ir-
decrease in chirality of the system and, hence, helix untwist- radiation with visible light, this maximum is shifted to the
ing. Upon light irradiation with a wavelength overlapping long-wavelength regiorHg. 19. As with mixturel, irradi-
with the UV absorption band of another dopant, integral ation with visible light leads to a preferential photoisomer-
chirality of the system, in contrast, should increase due to ization of azobenzene groups whereas, upon UV-irradiation,
a decrease in helical twisting power. The above reasoningphotoisomerization of cinnamoyl groups of dop&htand
allows one to assume that, for mixtute UV-irradiation azobenzene groups of copolymk? takes place. However,
should lead to the untwisting of the cholesteric helix whereas in the latter case, annealing leads to a reverse transforma-
irradiation with visible light results in helix twisting. tion from Z-isomers of azobenzene groupsEdorm. The
The specific features of the photo-optical properties for resultant shift in the selective light reflection maximum is
mixture | are discussed below. UV-irradiation (365nm) controlled by the ratio betwees and Z-isomers of dopant
leads to untwisting of the cholesteric helix and a shift in the R. Upon irradiation with visible light, the amplitude of the

Mixture I Mixture IT

mi B R

Fig. 16. Schematic representations of the two mixturesd || consisting of nematogenic homopolynikkr and chiral-photochromic copolymé® with
right (R) and left {)-handed low-molar-mass chiral-photochromic dopants.
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Fig. 17. Change of selective light reflection wavelength during (a)
UV-irradiation (365nm) and (b) visible light irradiation (>450 nm) for
mixture |. Temperature of irradiated sample is“T

changes to the selective light reflection maximum is much
higher than that in the case of mixturgthis trend is re-

lated to the much higher content of azobenzene chiral pho-

tochromic groups in mixturél.
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Fig. 18. Fatigue resistance properties of the mixturélm under the
“recording—erasing” processes. In each cycle the film was irradiated during
20 min by light (>450nm) at 70C, then the film was annealed during
20 min at the same temperature.

Let us emphasize the unigque character of the above
cholesteric polymer mixtures, when the direction of the
changes in helix pitch may be easily controlled by varying
the wavelength of light irradiation. This approach allows
one to widen substantially the possibilities for photo-optical
control of the optical properties of polymer materials.

5.2. Photochromic immiscible blend of cholesteric
copolymers

Study of polymer blends based on LC copolymers
presents a challenging aspect of the modern physical chem-
istry of polymers. The preparation of compatible (miscible)
and incompatible (immiscible) blends of cholesteric poly-
mers offers new unique advantages for the optical properties
of such materials. Let us briefly consider the results of
our recent investigationg33] concerning a photochromic,

8401

800+
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7004

A/ nm

650
600

550+

20 40 60

Time / min

Time / min

Fig. 19. Changing of selective light reflection wavelength during irradiation with light of different wavelengths for miikt(ife= 90°C). Inset: the
change of selective light reflection wavelength during irradiation with light of 550 nm a€8(h the case of irradiation with light of 365 nm the sample

was annealed after each cycle of light action during 20 min &C90
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cholesteric blend containing two immiscible cholesteric film based on the above blend show the two well-pronoun-
side-chain acrylic copolymers3 and 14. ced peaks of selective light reflection coinciding with

CH,

|
CH—COO—(CH2)5—COO@OOC@OCH3
I — X
1

i CH, CH3 CH, 3

|
CH—(CH,);—CH”
“CH;

CH;
1

CH—COO—(CHy),p—CO

Y

CH,

\
CH—CO0 —(CHy)s—CO0 @ooc @ocm
——Ix 1

[ 4
CH,

\
Y

As follows from the above structural formula copolymer corresponding peaks of the initial components—copolymers
13 contain nematogenic phenyl benzoate side groups and13 and 14. The first peak is observed in the visible spec-

chiral cholesterol-containing units. Copolym#&t is com- tral region whereas the second peak is observed in the near
posed of the same nematogenic groups and contains chiralR spectral regionKig. 20. This trend suggests that the
menthol-fragment with the double=l bond. Both copoly- individual helical structure of each of the components is

mers have the close molar masses and polydispersity. Thepreserved, and both components are fully immiscible. Note
polymer blend based on the copolymers taken in equal partsthat the wavelengths corresponding to the selective light re-
(1:1) was prepared by dissolving the copolymers in chloro- flection maxima for all samples are almost independent of
form followed by solvent evaporation. The study of phase temperature.

behaviour showed that a cholesteric phase is developed over Under the action of UV-irradiation the long-wavelength
a wide temperature range; the glass transition temperaturepeak andimax is shifted to higher wavelength whereas
of this mesophase in equal to about°25and theT lies

within a temperature interval of 115-12@. 100 -

Let us emphasize that this blend is characterized by a com-
plete immiscibility between the initial components forming
a typical two-phases system. As a result, planarly oriented . 90 -
IS5
P
T T T T T g 80 -
1400 1 1 g
oo oo o e g
1200 - 1 g 170
= &
= —— blend e
~ 1000 1 —v— copolymer 13
—O— copolymer 14 60
800 T 1
0000~
- - 50 . . .
600 . . 500 1000 1500 2000

20 40 60 80 100 120

T/°C
Fig. 21. Transmittance spectra of a planarly oriented films of blend (1)
Fig. 20. Temperature dependencies of the wavelengths of selective lightbefore and (2) after irradiation by UV light (365nm at °@0) during
reflection for blend and corresponding copolym#8sand 14. 120 min. The spectra were recorded immediately after switching off light.

A/nm
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the second peak remains almost unchandeég. 21). The the action of light. Notwithstanding the fact that the above
sensitivity of the long-wavelength selective light reflection phenomenon may also be expected for multiplayer struc-
peak to the UV-irradiation indicates that the phase with tures based on cholesteric films of various polymers, the
the corresponding selective light reflection peak in the near approach considered here offers a much simpler solution
IR-spectral region corresponds to photochromic copolymer for the preparation of the polymer systems with the above
14. Upon light irradiation, theE—=Z photoisomerization of  photo-optical properties.
azobenzene photosensitive chiral side groups takes place
and this process is accompanied by a concomitant decrease
in anisometry and helix twisting power. At the same time 6. Conclusions
the selective light reflection peak located in the visible
spectral region remains unchanged. This brief review summarizes our results obtained in
In addition, more detailed investigations of photo-optical recent years in the field of development of advanced
processes showed that the helix untwisting is also accom-optically controlled polymer systems based on pho-
panied by a well-pronounced widening of the selective light tochromic cholesteric LC polymers, and their blends with
reflection peak Kig. 21) due to a marked gradient in the low-molar-mass chiral and photochromic dopants acting as
light irradiation doses in film and different ratio between the the specific switchers. Interest in photochromic LC poly-
formed E- and Z-isomers in the blend. Another feature is mers is related to by reversible (or irreversible) changes in
related to the kinetic of untwisting the cholesteric helix. the optical properties and colour; such materials appear to
The rate of helix untwisting appears to be much lower be very attractive and fascinating. All side-chain LC poly-
as compared with the initial photosensitive copolyrdr mers containing mesogenic and photochromic groups or
(Fig. 22. This behaviours is likely to by related to the mesogenic and chiral-photochromic groups, are structurally
fact that, due to the existence of the two phases, the planarand functionally integrated systems that show simultane-
cholesteric texture of the blend is capable of a more pro- ously liquid crystalline, chiral, and photochromic properties.
nounce light scattering. Therefore, the fraction of light re- The main principal underlying the photoinduced control of
quired for the activation of photoisomerization appears to the optical properties of such copolymers is provided by
be somewhat lower. the photoisomerization of chiral-photochromic fragments,
It should be pointed out that photoisomerization and, which is accompanied by changes in their anisometry and
hence, helix untwisting is thermally reversible process. Af- helix twisting power. In turn variation of the helical twist-
ter annealing of the blend above glass transition temperatureing power of the chiral fragments is also accompanied by
the selective light reflection peak comes back to its initial sharp changes in the supramolecular helical structure and
position. On the other hand, upon fast cooling of the blend to the optical properties of polymer film.
room temperature, one may “freeze” the helical supramolec- By properties selecting the binary copolymer composi-
ular structure and preserve this structure for a long period tion and preparing blends of the cholesteric copolymers
of time. with low-molar-mass chiral-photochromic dopants, it is
Thus, the cholesteric blend, obtained on the base of thepossible to obtain materials with different characters of the
two chiral copolymers is characterized by unique optical light-induced transformations. In more complex multifunc-
properties: as compared with the cholesteric materials, thetional polymer systems containing at least two different
above blend shows two selective reflection peaks, and thephotochromes (ternary LC copolymers, photochromic LC
position of one of the above peaks may be changed undermixtures) light irradiation can lead to a dual photochromism
which allows one to record the optical information of the
two types on one sample: first, by varying the helix pitch
due to, for example short-wavelength light irradiation, and

1222 i __o—o—0 ] second, due to a_photoinduc_ec_i birefringence using, for ex-
= 1 1 ample polarized light of the visible range of the spectrum.
& 10 The feasibility to fix the local changes in the molecular
< 1400 1 - and supramolecular structure induced by the light irradia-

1300 i E(l)‘;‘:)‘{ymer 14 tion opens wide ways for the development of new polymeric

1200 L Z materials of new types with photomodulated supramolec-

ular structure and controlled local optical properties: bire-

700 Jo—o — ] fringence, refractive index, selective light reflection, colour
600 . : . : . . characteristics, etc. Macromolecular nature of photochromic
0 25 50 75 100 125 150 LC polymers offers fascinating advantages for the creation

t/ min of solid glasses, thin flms and coatings with desired and

Fig. 22. Changes of the selective light reflection wavelength during photoregulated optlcal properties—spectrum band filters,

UV-irradiation (365 nm) of blend and copolymé4 at 70°C. The spectral efficient polarizers, retarders, phase plates, and compen-
measurements were made immediately after each cycle of irradiation.  sators. Optical storage can be provided by freezing LC
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director into an aligned state due to the photopolymerization [8] D. Broer, J. van Haaren, P. van de Witte, C. Bastiaansen, Macromol.

of the selected reactive photochromic monomers leading to ~ Symp. 154 (2000) 1.

the cross-linked samples. All these directions of research [ (Vé'Sb f)hg’;;"’ A.Yu. Bobrovsky, N.I. Boiko, Macromol. Symp. 174

qeal with the development C?f advanced p0|ymer'based OP~[10] v.P. Shibaév, A.Yu. Bobrovsky, N.I. Boiko, Polym. Preprints 43

tical data storage systems in both black-white and colour  ~ (2002) 143.
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to the development of field-responsive polymers and other _ 799

“ " . . . [12] V.P. Shibaev, A.Yu. Bobrovsky, N.I. Boiko, Polym. Sci., Ser. C 42
polymer-based “smart” materials is evident. It should be (2000) 103.

noted that high expectations concerning the practical appli-[13] A.vu. Bobrovsky, N.I. Boiko, V.P. Shibaev, Lig. Cryst. 25 (1998)
cation of such materials are not always justified because the  679.
polymer systems are characterized by a rather slow responsél4] A.Yu. Bobrovsky, N.I. Boiko, V.P. Shibaev, Polym. Sci., Ser. A 40
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laxation processes in polymers. On the other hand, the us 1749
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