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Photoinduced alignment of polymer liquid crystals containing azobenzene
moieties in the side chain. 4. Dynamic study of the alignment process
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Abstract

An anisotropy was induced in initial isotropic (polydomain) polymer liquid cryptAICB-CNAB6 by using linearly polarized light at
366 nm. The alignment processes induced at various temperatures and various intensities of irradiation light were analyzed by using a
biexponential function (as shown in text). It was found that the alignment process involved two response modes: a fast response mode and a
slow one. The fast response mode was associated with the angular-depearteitis photoisomerization and the preliminary alignment of
mesogens, while the slow one was attributed to the position adjustment of the mesogens to obtain well-aligned monodomain. The writing rate
and the induced anisotropy increased with increase in temperature and in light intensity at low intensity of the irradiation light. Combined
with photochemical phase transition processes, optical switching and image storage were realized in the polymer liquid® t8g9al.
Elsevier Science Ltd. All rights reserved.
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1. Introduction The alignment behavior is expected to depend on several
factors such as the temperature and the intensity of irradia-
Polymer liquid crystals with azobenzene moieties are tion light [6], the spacer length of azobenzene units [7], and
promising materials for optical switching and image storage the structure of the azobenzene groups [8]. Analysis of
because the orientation of mesogens in thin films of thesekinetic curves allowed us to evaluate the role of many
materials may be modified by light [1,2]. It is well known factors influencing the photoinduced alignment process.
that linearly polarized light can induce reorientation of Dynamic study of the alignment process in amorphous azo
azobenzene groups through photochemitans—cis— polymers has been well performed by Natansohn et al. [9],
transisomerization [3,4]. By using this property, anisotropy which gave an insight into the mechanism responsible for
could be achieved in initial isotropic polymer liquid crystals alignment processes. However, the dynamic study of the
with azobenzene moieties in side chains by using linearly alignment process in polymer liquid crystals was seldom
polarized light [5-8]. The mechanism for alignment studied before. The aim of this work is to clarify the under-
involves the photochemicarans—cis isomerization and  lying mechanism responsible for the alignment behavior by
photochemical and/or thermais—trans isomerization of analyzing the growth curves observed at various tempera-
the azobenzene groups. By repetition of thes@s—cis— tures and various intensities of irradiation light.
trans isomerization cycles and motion of its transition
moment, the optic axis of the azobenzene groups becomes
aligned perpendicular to the electric vector of polarized 2. Experimental
actinic light. In the case of liquid-crystalline copolymers,
non-photoactive mesogens undergo alignment together with  Monomers, 4[6-(methacryloyloxy)hexyloxy]-4-cyano-
the azobenzene groups for cooperative motion of the biphenyl and 6-[4-(4-cyanophenyl)diazenylphenyloxy]lalkyl
neighboring groups. methacrylate, were prepared using a procedure similar to
the literature [10]. Polymerization was performed as
mg author. Tel.:+ 81-45-024-5240: fax:+ 81-45-924- reported previously [6]. The feed ratio of azobgnzgne mono-
5275, mer was 7 mol%. Structure of the polymer liquid crystal
E-mail addresstikeda@res.titech.ac.jp (T. Ikeda) MACB-CNAB6 is detailed in Fig. 1. Molecular weight
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Fig. 2. Angular-dependent transmittanceMACB-CNAB6 film evaluated
CN by polarizing microscopy after irradiation at T@with 366 nm polarized
MACB-CNAB6 light (2.8 mW/cn?) for 30 min.

Fig. 1. Structure and composition of the polymer liquid crystahCB-
CNABS, used in this study. maximum birefringence, the probe light was polarized at

45 with respect to the polarization direction of writing
was measured by gel permeation chromatography (GPC;light. Induced anisotropy was evaluated by polarizing
Toyo Soda HLC-802; column, GMH& 2 + G4000H8+ microscopy with monitoring light at a wavelength longer
G500HS8; eluent, chloroform) calibrated with standard poly- than 630 nm. The concentration a@fs-azobenzene was
styrenes. Thermotropic properties were obtained with a measured with an unpolarized beam in situ in the spectro-
differential scanning calorimeter (Seiko I&E SSC-5200 meter. The concentration was estimatedag% = 100X
and DSC220C) at a heating rate o’ @dmin. Three scans (A — A)/A,, whereA, andA; are the maximum absorbance
were performed to check the reproducibility. Liquid-crystal- of the polymer before irradiation and at irradiation time
line phase was determined by X-ray diffractometry (MAC The induced order parameter was obtained as described
Science MXP [3], model 5301; Cudl radiation from a before by using polarized UV spectroscopy [6].

1.6 kW anode X-ray generator at“®@). The content of the
azobenzene units was calculated from UV spectra
(Shimadzu UV-200S) of the copolymer and the monomer 3. Results and discussion
in tetrahydrofuran (THF) solution. The results are summar-
ized in Table 1. 3.1. Photoinduced alignhment MACB-CNAB6

Thin polydomain films (about gm thickness) were
obtained as described before [6]. Optical experiments The absorption maximum in the UV spectrum of polymer
were performed with the setup similar to the literature liquid crystal MACB-CNABG6 film is located at around
[11]. A sample placed in a thermostatic block was put 370 nm due to ar—= transition of the azobenzene groups.
between two crossed polarizers. Light at 366 nm from a There exists a weak absorption band at around 450 nm due
500 W high-pressure mercury lamp was chosen as irradia-to an n—= transition. The absorbance at 370 nm was
tion light after it passed through a polarizer. The probe light reduced by irradiation of UV light at 366 nm owing to
came from a He—Ne laser at 633 nm, which is far from the trans—cis photoisomerization, and was increased slowly
absorption band of the azobenzene groups. To obtain thedue tocis—transthermal isomerization when the irradiated

Table 1
Thermodynamic properties and molecular weight of the polymer liquid crystal used in thig study

Polymer Phase AHy; (kJ/mol) ASy (I/molK) Mn Mw/Mn
transition
temperature
()

MACB-CNABG6 G 45N 1121 1.9 4.8 7200 1.3

2G, glass; N, nematic; |, isotropi&sHy,, change in enthalpy of N—I phase transitid«§,, change in entropy of N—I phase transition; Mn, number-average
molecular weight; Mw, weight-average molecular weight.
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20 moieties reorientation was induced perpendicular to the
polarization direction of the actinic light and the resulting
azobenzene became inactive. On irradiation of an unpolar-
ized light at 366 nm with the same intensity, almost the
same maximum value of thes-azobenzene was produced,

S but no reduction of the concentration was observed on
110 @ continuous irradiation. The change in the concentration

. produced by the polarized light revealed that azobenzene
moieties were reoriented perpendicular to the polarization
direction of the irradiation light througtrans-cis—trans
isomerization cycles.

Transmittance (a. u.)

3.2. Dynamic study of the alignment process

0 10 20 30 40 500
Time (min) Dynamic study of the writing process in amorphous azo
polymers revealed that it involved a fast response mode and
Fig. 3. Change in transmittance (points) and concentration ofciie a slow response mode. The writing curve was well fitted to a

azobenzene() as a function of irradiation time. The solid line is a fit to biexponential function as shown in the following [9,12]:
Eq. (1). Film was irradiated with 366 nm polarized light (2.8 mWi it

105°C. (1) fast alignment process; (2) slow alignment process; (3) relaxa- y = A1 — exp(—kat)) + B(1 — exp(—kpt)). D
tion process.

We found that the growth of the transmittance of the poly-
polymer film was kept in the dark. X-ray diffraction clearly —mer liquid crystal could be adequately fitted to the biexpo-
showed that the polymer liquid crystal exhibited a typical nential function given by Eqg. (1). A typical fitting curve
nematic liquid-crystalline phase. By annealing the polymer (solid line) was also shown in Fig. 3. Similarly, it appears
film at a temperature just beloil,, we obtained polydo-  that the writing process in the polymer liquid crystal
main state film which was optically isotropic. involves an initial ‘fast’ response mode and a subsequent

Anisotropy in a polymer film can be evaluated by polar- ‘slow’ response mode. The parame#ar, which is equal to
izing microscopy by measuring the transmittance through A/(A + B), represents the relative amplitude of the fast
two crossed polarizers with the polymer film between them growth component with rate constaks, while the Bn,
as a function of rotation angle which is the direction of which is equal taB/(A + B), represents the relative ampli-
polarizer with respect to the direction of electric vector of tude of the slow growth component with rate constant
irradiation light [6]. After exposing the polymer film to Although it is in agreement that two processes exist in the
linearly polarized light at 366 nm (2.8 mW/&nat 106C photoinduced alignment process of azo polymers, the
for 30 min, clear homogeneous alignment was brought assignment of the two processes was different [9,12,13].
about. As shown in Fig. 2, the transmitted light intensity Comparing the growth of the transmittance with the change
is lowest at 0, 90° and so on, at every 90and highest at  in concentration of theis-azobenzene produced during the
45°, 135 and so on, at every 90This result clearly indi- alignment process, the fast response was associated with the
cates that all the mesogens of the polymer liquid crystal trans—cis photoisomerization and the steep decrease of the
were aligned into one in-plane direction to form a mono- concentration, while the slow process corresponded to the
domain of nematic phase. slow decrease of the concentration of this-azobenzene.

We also measured the continuous change in the transmit-Trans-cis photoisomerization induced by polarized light
tance through a pair of crossed polarizers with the polymer results in a decrease iransazobenzene with the molecular
film between them as a function of irradiation time. Fig. 3 long axis in the polarization direction of writing light, while
shows the change in transmittance (points) and concentra-no change in the amount tfans-azobenzene in the direc-
tion of thecis-azobenzene as a function of time. When the tion perpendicular to the polarization direction of incident
polarized light was turned on, the transmittance increasedlight occurs, therefore a macroscopic anisotropy due to the
with time until a maximum level was reached. The growth angular-dependent photoselective isomerization was
of transmittance revealed that alignment change was generinduced. Subsequently trans-cis—trans isomerization
ated in the polydomain polymer film. When the polarized cycles of azobenzene moiety accompanied by motion of
light was turned off, no relaxation was observed, which was its transition moment as well as by motion of inactive meso-
discussed in the previous paper [8]. The concentration of gens results in a long-term stable anisotropy. The rate for
cis-azobenzene increased rapidly at first on irradiation due alignment change would decrease with decrease of the
to photochemically inducettans-cis isomerization. After concentration of thecis-azobenzene. This process is not
it reached a maximum, it decreased steeply at first, thenonly responsible for the ‘slow’ process but also the ‘fast’
slowly until a stable level was reached, corresponding to response, as shown in Fig. 3. Therefore, the ‘fast’ response
the saturation transmittance, because in some azobenzenmay be attributed to the formation of thés isomer and a
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Table 2
Parameters obtained by fitting the transmittance growth curves at various
temperatures to Eq. 1) -

=
Temperature (K) k(s A k(s B An Bn 3 E
381 0.0533 51.6  0.0042 39 093 0.07 8
379 0.0276 455 0.0009 111 080 0.20 g
377 0.0089  40.4 0.0004 154 072 0.28 k= D
375 0.0046 30.8  0.0009 179 063 0.37 =
372 0.0010 18.1  0.0008 285 039 061 (/]

g H C

"An= Al(A + B) Bn= Bi(A + B). ) s
[ A
0.0 1.8 3.6 5.4

preliminary alignment of the mesogens, at which the meso- e
gens were not aligned quite perpendicular to the polariza- Irradiation energy (J/cm?)

tion direction of writing light, while the ‘slow’ response is  _ _ _ _ o _
connected with the position adiustment of the mesogens tOFlg. 5. Change in transmittance as a function of irradiation time. Film was
p | 9 irradiated with 366 nm polarized light at 1Wat various light intensities.

obtain a well-aligned monodomain phase. (A) 1.0 mW/en?: (B) 2.0 mWicnt; (C) 3.0 mwicn?: (D) 4.5 mWicn?; (E)
6.0 mwi/cnf; (F) 7.0 mWi/cnt; (G) 9.0 mW/cnf; (H) 10.5 mwWicnf.

3.3. Temperature dependence of the alignment change
of the polymer liquid crystal is given, which shows fairly

The photoinduced alignment behavior was performed at good linearity. We obtained a value of 520.5 kJ/mol as acti-
various temperatures with 366 nm polarized light at an vation energy for the alignment process, which is much
intensity of 2.8 mW/cri. We observed that the alignment higher than that obtained in amorphous polymer [12]. As
change ilMACB-CNABS6 could be induced from 9C to a described before [7], by using UV spectroscopy, we
temperature just beloWy,. The growth rate of the transmit- measured the rate constantsf-transthermal isomeriza-
tance increased with increase in temperature. It took abouttion of the azobenzene groups at various temperatures
90 s to reach the saturated transmittance at optimizedwithin the liquid-crystalline phase. Then the activation
temperature. To discuss the effect of temperature quantita-energy of 84.5 kJ/mol was obtained for the therms-
tively, the rate constants and the amplitudes were obtainedtrans back-isomerization. The value is comparable to
by fitting the experimental data obtained at various tempera- those reported for theis—trans isomerization of azoben-
tures to Eq. (1) (Table 2). One can see that the rate constanzene groups [14]. However, the activation energy for the
k, and the corresponding relative amplitude increased alignment process was much higher than that dé
with temperature, while the rate constdgt showed no trans isomerization. This indicates that the fast response
dependence on temperature. This means that the fast procegsrocess is not a simpleans—cis or cis—transisomerization
becomes more dominant with increase of temperature. Weprocess but a complex process. The activation energy
note that the writing curve obtained at relatively low obtained is only an apparent activation energy for many
temperature, such as @2 could not be fitted by Eq. (1), steps, such as theans-cis photoisomerizationgis—trans
which grew linearly with the irradiation time. thermal isomerization of azobenzene groups, and the motion

In Fig. 4, the Arrhenius plot for the fast response process of the azobenzene moieties and inactive mesogens. This is

in agreement with the assignment of the fast response mode.

-2
3 3.4. Light intensity dependence of the alignment change
Ea = 520.5 kJ/mol Recently, Song and co-workers reported t'hat th'e rate
~ 4l constantgk, andk, were not dependent on the intensity of
g the writing laser, while the amplitudé& and B showed
£ dependence [12]. However, some of the literature states
Sr that the writing rate is proportional to the intensity of writ-
ing light [6,15]. To clearly understand the effect of light
6} intensity on alignment behavior, we examined the align-
ment process at a wide range of light intensity and analyzed
7 . ) . the dynamic behavior by fitting the transmittance to Eq. (1).
2.62 2.64 2.66 2.68 2.70 Fig. 5 shows the writing curves MACB-CNAB6 at 100C

1000/T (K-1) with 366 nm polarized light at different intensity. When the
intensity of irradiation light was lower than 1.0 mwW/ém
Fig. 4. Arrhenius plot of the rate constants in alignment process. alignment change could not be generated in the polymer
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Fig. 6. Effect of writing light intensity on rate constants and amplitudes of

the alignment process. Experiments were performed £iCLOO

10

threshold was suggested to be determined by the excitation
rate. With the increase in the intensity (from 1 to 7 mW/
cm?), at first, the growth rate as well as the saturated trans-
mittance increased at the same irradiation energy. On
further increase in intensity, both the growth rate and the
maximum level showed no further increase, such as the
curve G. When the intensity was 10.5 mW/rthe trans-
mittance increased rapidly at first, then decreased to a stable
level (curve H). By observation under polarizing micro-
scopy, it was proved that a photochemical phase transition
took place locally.

We obtained the parameters by fitting the experimental
data to Eqg. (1). As shown in Fig. 6, the relative amplitudes as
well as the rate constants exhibited dependence on the inten-
sity of irradiation light at the intensity range in the present
work. Relative amplitude of the fast process increased while
that of the slow process decreased linearly with intensity at
low intensities of irradiation light. In the case of high inten-
sity (9 mWi/cnf), the amplitude of the fast process
decreased unexpectedly. The reason may be ascribed to
the occurrence of a photochemical phase transition, which
made the alignment process more complex. BqtAndk,
increased with increase in intensity of the irradiation light. It
seems that there exists a saturation value of the intensity of
irradiation light, above which the rate constants did not
increase further. The saturation intensity may also be deter-
mined by the excitation rate of the azobenzene moieties.

As described before [6], the induced order param8ter
(R — 1)/(R + 2) was calculated to characterize the aniso-
tropy. Fig. 7 shows the induced order parameters of the
azobenzene moieties at various intensities of irradiation
light. One can see that the induced order parameter

liquid crystal. Threshold intensity was reported in some of jcreased linearly with intensity of irradiation light at the
the literature [6,16,17], but the reason for the threshold |oy intensity region [16,18]. We expected that the order
intensity was not yet clear. Recently, mean-field theory parameter would reach a saturated value on high intensity
was applied to explain the experimental phenomenon yegion. However, experimental results showed that the order
observed in photoinduced alignment processes of azobenparameter reduced on further increase in intensity of irradia-
zene side-chain liquid-crystalline polymers [18]. The {jon |ight. This is due to the occurrence of the photochemical

0.5

0.4r1

0.3rf o

0.2r

Order parameter

0.1

O'OO 2 4 6 8 10

Light intensity (mW/cm?2)

12

phase transition caused by higher concentrationcief
azobenzene which was produced by higher intensity of the
irradiation light. Overall, the writing rate increases with
increase of intensity of writing light until a saturation
value is reached; the induced order parameter or the ampli-
tude increases with intensity of writing light at first, then
decreases due to photochemical phase transition.

3.5. Optical switching and image storage

Photoinduced birefringence in amorphous polymers
could be erased by using circularly polarized light or heating
the polymers above glass transition temperatures [19]. It is
obvious that photoinduced anisotropy in polymer liquid
crystals can be erased by heating the polymer liquid crystals

Fig. 7. Induced order parameters of azobenzene moieties at various Iightabove clearlng temperatures. Shibaev reported another

intensities. Film was irradiated with 366 nm polarized light at°@at the

same irradiation energy, 4.0 J/&m

method to erase the induced anisotropy by changing the
polarization direction of the irradiation light by 9@vith
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Fig. 8. A typical writing-erasing-rewriting curve of/ACB-CNAB6.
Experiment was performed at 1T The polarized light was turned on
at point A, and turned off at point B; the unpolarized light was turned on at
point C, and turned off at point D.
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Fig. 9. Stored image in the polymer liquid crystal after 1 year. The thin film
was covered with a standard photomask and irradiated with 366 nm polar-
ized light (3.1 mW/crf) at 106C for 30 min.

surface and distortion of the focus of the writing light.
The image can be stably stored beldyy. No image degra-

respect to that of the initial beam [20]. We found that the dation was observed after more than one year at room
induced anisotropy could be easily erased by using unpolar-temperature. These results reveal that polymer liquid crys-
ized light due to the photochemical phase transition tals can be used as materials for optical switching and image
[1,14,21]. Fig. 8 presents a typical writing-erasing-rewriting storage.

curve of MACB-CNABG6. The linearly polarized light at
366 nm (3.1 mW/crf) was turned on at point A, and the
transmittance rapidly increased until a maximum level
was reached. When the writing light was turned off at
point B, no relaxation was observed. When unpolarized
light at 366 nm (25 mW/crf) was switched on at point C,
the induced anisotropy was completely eliminated. The
alignment was reintroduced when linearly polarized light
was switched on again. After irradiation of 366 nm unpolar-
ized light, we observed neither an initial polydomain state
nor induced monodomain state, but an isotropic state in the
polymer film by using polarizing microscopy. Photochemi-

cal phase transition took place. These results clearly indicate

that reversible alignment can be inducedIACB-CNABG6

film. In a combination of the photoinduced alignment
process and photochemical phase transition process, optic
switching was realized by means of polymer liquid crystal

containing azobenzene moieties in the side chain, although

the writing rate was not so satisfactory.

Image storage experiments with the use of a standard
photomask were conducted on the polymer liquid crystal.
The polymer films were prepared by casting as described
before. After annealing, the photomask was directly placed
on the polymer film and the resulting sample was irradiated
at 106C with polarized light at 366 nm from a mercury
lamp. After exposure, resolution of the stored image was
examined in the polarizing microscope. As shown in Fig. 9,
a clear photoimage with good resolution was obtained. The
highest resolvable group is found to be group 6. In fact the
resolution of the image storage can be improved further by

eliminating some experimental defects, such as poor spatial

distribution of the Hg light intensity, irregular sample

4. Conclusion

In summary, we have demonstrated that the alignment
change was induced in the initial polydomain polymer
liquid crystal MACB-CNAB6. The alignment process
could be fitted to a biexponential function. The fast response
process was assigned to ttrans-cis photoisomerization
and a preliminary alignment of the mesogens, while the
slow one was attributed to position adjustment of the meso-
gens. The rate constaktand the corresponding amplitude
Anexhibited dependence on temperature and on intensity of
the irradiation light at low intensity. At high intensity of the
irradiation light, the rate constants would reach a saturation

aralue, but the amplitude became irregular due to phase

ransition. Experimental results also showed that the poly-
mer liquid crystal can be used as a material for optical
switching and image storage.
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