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ABSTRACT: New polymethacrylate liquid crystalline copolymers, which are comprised of photo-cross-linkable
4-(4-methoxycinnamoyloxy)biphenyl (MCB) and photosensitizing 4-nitrobiphenyl (NB) or 4-nitrophenyl (NP)
side groups, were synthesized. The irradiation with linearly polarized (LP) 405 nm light was performed to investigate
the photoinduced reorientation behavior of the thin films. On the basis of the polarization-preserved excited
energy transfer from the photosensitizing groups to the MCB groups, a photoinduced optical anisotropy due to
the axis-selective photoreaction of the MCB groups accompanied the photoreaction of the film. In all cases,
annealing the film reversely amplified the photoinduced optical anisotropy and an in-plane order parameter greater
than 0.7 was achieved for the NB-containing copolymer films. The axis-selectivity of the photoabsorption of the
photosensitizing groups and the effective energy transfer played important roles in generating the large photoinduced
optical anisotropy and the effective thermal enhancement. Finally, it was demonstrated that the orientation direction
of the mesogenic side groups controlled the multiple optical information storage in a thin film.

1. Introduction
Since irradiating with linearly polarized (LP) light causes an

anisotropic photoreaction on a photoreactive polymeric film, a
lot of attention has been focused on the synthesis of photore-
active materials that generate large photoinduced optical
anisotropies and possess efficient photoreactivities.1-6 These
materials are applicable to birefringent optical devices,1-3,7-9

the photoalignment layer of liquid crystal displays,3,4,10-15 optical
memories, and holographic data storage devices.1-3,16-21 The
photoinduced optical anisotropy in a photoreactive film is due
to the axis-selective photoreaction caused by Weigert’s effect.
Thus, a high axis selectivity of the photosensitive moiety is
important for creating an efficient anisotropic photoreaction.
Additionally, when a molecular reorientation accompanies the
axis-selective photoreaction, a large optical anisotropy can be
derived. Hence, various photoreactive materials have been
synthesized, including azobenzene-containing polymers3-5,22-25

and photo-cross-linkable polymers.26-29 To apply reversible
orientation control to optical memories and switches, numerous
studies have examined azobenzene-containing polymeric films
based on the axis-selective trans-cis-trans photoisomeriza-
tion.1-3,16-18,30-34 It has been determined that changing the
polarization of the writing LP light beams can erase the
photoinduced optical anisotropy. Furthermore, black and white
images have been recorded on an azobenzene-containing liquid
crystalline (LC) polymer using a color slide as a gray photo-
mask.1 Although the reorientation direction was identical, the
photoinduced birefringence was varied according to the trans-
parency of the mask. Alternatively, photo-cross-linkable materi-
als, which have a high thermal stability due to the photo-cross-
linked structure, have been investigated for passive optical

device applications such as birefringent films for liquid crystal
displays and polarization holographic gratings.7,8,20,35-41

During the course of our systematic study on thermally
enhanced photoinduced molecular reorientation in photo-cross-
linkable materials, it was determined that polymethacrylates with
4-(4-methoxycinnamoyloxy)biphenyl (MCB) side groups exhibit
efficient in-plane molecular reorientations.7,29,40The LC nature
of the material allows the axis-selective photoreaction of the
MCB side groups to generate the photoinduced optical aniso-
tropy of the film, while a subsequent thermal treatment enhances
the molecular reorientation along the photo-cross-linked anchors
parallel to the polarization direction (E) of LP light. Further-
more, doping with a small amount of a photosensitizer such as
a benzophenone derivative orp-nitroaniline improves the
photoreactivity of the material while maintaining the axis-
selective photoreaction when LP 405 nm light is used.42,43 In
addition, the axis-selective photoabsorption of the photosensi-
tizers followed by a polarization-preserved excited energy
transfer from the excited photosensitizers to the MCB groups
generates an anisotropic reaction. However, the thermally
enhanced photoinduced in-plane order parameter is smaller than
that generated in a film without photosensitizers exposed to LP
365 nm light. This is caused by the small photoinduced optical
anisotropy of the film, which is due to the lower axis-selectivity
of the photoabsorption of the photosensitizers and the insuf-
ficient polarization-preserved energy transfer from the excited
photosensitizers to the MCB side groups.

For the axis-selective photo-cross-linking reaction of the MCB
groups, exposure to LP light generates the photoinduced optical
anisotropy of the film29 and subsequent exposure to LP light
with a different direction ofE does not affect the orientation
direction of the molecules, which reacted during the first
irradiation. Therefore, plural exposures while changing the
direction ofE of LP light and subsequent annealing should vary
the thermally amplified reorientation direction of the mesogenic
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groups in a film. This technique should lead to a new type of
multiple optical storage system using polymeric films, which
contain MCB side groups, plural LP light exposure, and analysis
of the reorientation direction to decode the information.

The paper aims (1) to explore the highly efficient photoin-
duced reorientation based on the polarization energy transfer
in photo-cross-linkable liquid crystalline copolymers with new
photosensitizing groups and (2) to demonstrate a new type of
multiple optical storage using the resultant polymeric films and
405 nm light. Thus, polymethacrylate LC copolymers, which
are comprised of photo-cross-linkable MCB and photosensitizing
4-nitrobiphenyl (NB) or 4-nitrophenyl (NP) side groups, were
synthesized and the photoinduced reorientation behaviors of
these copolymer films were investigated using LP 405 nm light.
The molecular orientation of the mesogenic and photosensitizing
groups were estimated using polarization absorption spectros-
copy, polarization FT-IR, and phosphorescent spectroscopy. All
of the copolymer films generated photoinduced optical anisotro-
pies, which thermally enhanced the cooperative reorientation
of the mesogenic groups when the exposed films were annealed
in the LC temperature range of the materials. Large photoin-
duced optical anisotropies and thermally enhanced in-plane
orders were achieved for the copolymer films with NB groups.
Finally, the first example of multiple optical data storage using
LP 405 nm laser diode (LD) was demonstrated. This was
achieved by controlling the orientation direction of the me-
sogenic groups in the recorded area using plural LD light
exposures and by adjusting the polarization of the LD light.

2. Experimental Section

2.1. Materials.All starting materials were used as received from
Tokyo Kasei Chemicals. The methacrylate monomer, which
contained the MCB side group, was synthesized according to the
literature.29 The syntheses for the methacrylate monomers with NB
or NP side groups are described in the Supporting Information.
All (co)polymers were synthesized by a radical polymerization in
a tetrahydrofuran (THF) solution using AIBN as the initiator. The
copolymers were purified by reprecipitating several times from a
chloroform solution to methanol and diethyl ether. The synthetic
yield was between 30 and 70 wt %. The copolymerization ratio
was controlled by adjusting the feed ratio and confirmed by1H
NMR spectroscopy. Figure 1a and Table 1 summarize the chemical
structure, copolymerization ratio, and molecular weight of synthe-
sized (co)polymers.

2.2. Photoreaction. Thin copolymer films, which were ap-
proximately 0.2-0.3 µm thick, were prepared by spin-coating a
methylene chloride solution of polymers (∼2 w/w %) onto a quartz
or CaF2 substrate. The photoreactions were performed using an
ultrahigh-pressure Hg lamp equipped with Gran-Taylor polarizing
prisms and an interference filter at 405 nm (fwhm) 10 nm) to
obtain linearly polarized monochromic light with an intensity of
17 mW/cm2. The photoreactivity of the films was estimated by
monitoring the decreases in absorbances at 315 nm and 1635 cm-1

(CdC double bond of the cinnamoyl group) using UV and FT-IR
spectroscopies, respectively. The photoproducts of the mesogenic
group have been described in detail in the previous paper.29 The
18 mW LP 405 nm LD, which had an exposure area of ap-
proximately 1.1× 1.1 mm2 and was roughly focused using a
convex-plano focusing lens (f ) 120 mm), was also used for the
photoreactions.

2.3. Characterization.The1H NMR spectra were measured with
a Bruckor DX-500 FT-NMR apparatus. The molecular weight of a
(co)polymer was measured by GPC (Tosoh HLC-8020 GPC system
with Tosoh TSKgel column; eluent, chloroform), which was
calibrated using polystyrene standards. The thermal properties were
examined using a polarization optical microscope (Olympus BHA-
P) equipped with a Linkam TH600PM heating and cooling stage
in addition to differential scanning calorimetry (DSC; Seiko-I

SSC5200H) analysis at a heating and cooling rate of 10°C/min.
The polarization absorption spectra were measured with a Hitachi
U-3010 spectrometer equipped with Glan-Taylor polarization
prisms. The polarization FTIR spectra were recorded through a
JASCO FTIR-410 system with a wire-grid polarizer. The photo-
induced dichroism (DR) of the photoinduced optical anisotropy of
a film is expressed as eq 1, whereA| andA⊥ are the absorbances
parallel and perpendicular toE, respectively.

The thermally enhanced molecular reorientation was conducted
by annealing an exposed film in the LC temperature range of the
copolymer for 5-10 min. The thermally enhanced in-plane order
was evaluated using the order parameter,S, and is expressed as eq
2.

Figure 1. (a) Chemical structures of synthesized (co)polymers,1-6.
(b) Absorption spectra of1c (thick line) and2b (dotted line) films on
quartz substrates.

Table 1. Composition, Molecular Weight, and Thermal Properties of
the Copolymers

compositiona mol wtc

PLC n x y z PSb 10-4Mw Mw/Mn

thermal
propertyd (°C)

1a 1 96.5 3.5 0 1.6 6.4 2.4 C 128 N 296 I
1b 1 94.3 5.7 0 2.6 5.3 2.8 C 128 N 301 I
1c 1 90.0 10.0 0 4.6 6.9 2.2 C 137 N 300 I
2a 0 94.1 5.9 0 1.8 9.8 2.2 G 91 N 297 I
2b 0 89.5 10.5 0 3.2 10.1 2.3 G 87 N 284 I
3a 1 0 3.0 97.0 6.3 2.3 2.3 G 78 I
3b 1 0 9.5 90.5 17.2 2.3 2.3 G 103 I

4 1 0 100 0 0.96 1.5 G 52 N 77 I
5 0 0 100 0 1.9 2.0 G 7 I
6 100 0 0 17.3 2.0 C 116 N 300 I

a Determined by1H NMR. Mole percent.b Weight percent of photosen-
sitizer unit.c Determined by GPC. Polystyrene standards.d Determined by
DSC. Second heating. Key: G, amorphous glass; C, crystalline; N, nematic;
I, isotropic.

DR )
A| - A⊥

A| + A⊥
(1)
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whereA(large) is the larger value ofA| and A⊥ and A(small) is the
smaller one. The birefringence of a reoriented film was measured
at 633 nm by setting the reoriented film between two crossed
polarizers. The∆nd value was calculated using eq 3.

where theI is the transmittance,I0 is the intensity of the prove
beam,θ is the angle of the reoriented axis and polarizer film,λ is
the wavelength,d is the film thickness, and∆n is the birefringence.

The phosphorescent spectra of the films were evaluated using a
Hitachi F-4500 spectrometer and polarizer films under a nitrogen
atmosphere at room temperature.

3. Results and Discussion

3.1. Synthesis and Thermal and Spectroscopic Properties
of Copolymers.To prevent the photoabsorption of the NB or
NP side groups, all the copolymers were synthesized by radical
solution polymerization under dark conditions. For comparison,
copolymers with MMA units (3) and methacrylate homopoly-
mers, which contained photosensitizing moieties (4 and5), were
also synthesized. All the synthesized copolymers are soluble in
common organic solvents such as chloroform, THF, and toluene.
Table 1 summarizes the thermal properties of the copolymers.
DSC scans of copolymers1a-1c exhibit a melting point (Tm)
followed by a LC phase, while copolymers2a and2b exhibit
a glass transition (Tg) followed by a LC phase. Polarization
optical microscope observations for copolymers in series1 and
2 display a nematic LC phase. Regardless of the composition,
copolymers1a-1chave similar clearing temperatures (Ti). The
high Tm andTi of 1a-1c are caused by the interaction between
the MCB and NB groups in the solid state. On the other hand,
the NP-containing comonomer units in2a and 2b act as
plasticizers that decreaseTm andTi of the mesogenic MCB units.

Figure 1b shows the absorption spectra of1c and2b films.
All the spin-coated films are transparent and amorphous in
nature. Since the NB and NP groups have absorption bands in
the longer wavelength region, the absorption spectra of the
copolymers exhibit small absorptions near 405 nm.

3.2. Photoreaction and Photoinduced Optical Anisotropy
of Copolymer Films. Irradiating copolymer films of1 and2
with LP 405 nm light causes the photoreaction of the MCB
groups. However, homopolymer6 is not photoreactive at 405
nm because it does not have an absorption band at 405 nm. We
previously reported that a film of6 doped with 0.5-9 wt % of
a benzophenone derivative orp-nitroaniline displays a photo-
reactivity when exposed to 405 nm light due to the cinnamate
derivatives, which are photosensitized by doping with the triplet
photosensitizers (TPS).42,43Similarly, a photoreactivity is real-
ized in copolymerized films of1 and2 with NB and NP groups
when using 405 nm light since the NB and NP groups act like
the TPS.44,45 For these copolymers, the amount of the photo-
sensitizer unit is less than 5 wt %. Figure 2 plots the degree of
the photoreaction of the MCB groups as functions of LP 405
nm light exposure doses. It shows that the photoreactions for
the copolymer1 series are faster than those of the2 series. The
higher photoreactivities of films in series1 are due to the large
absorptions at 405 nm and effective photosensitizations of the
NB groups. For both copolymer series, the photoreactions are
faster and the maximum degree of the photoreaction is larger
as the composition of the photosensitizers increases. Using the
Perrin model to calculate the radius of the quenching sphere,46,47

R (R ) 6.5/[A]1/3, where [A] is the concentration of the
acceptor), theR values of the copolymers are 16.2, 13.5, 11.0,
13.1, and 10.9 Å for1a, 1b, 1c, 2a, and2b, respectively, when
the assumed densities of the copolymer films are 1.0. Since an
effective energy transfer occurs in the quenching sphere in a
solid system, these values are reasonable for the photosensitizing
reactions of the MCB groups. Hence, the photoreaction proceeds
for all the copolymer films, especially for films with high
photosensitizer concentrations.46

The MCB groups axis-selectively photoreact when using a
LP light. Figure 3 plots the photoinduced DR values as functions
of the degree of the photoreaction when films were exposed to
LP 405 nm light. It reveals that the irradiation with LP 405 nm
light generates a negative optical anisotropy (A| - A⊥ < 0) for
all the1 and2 copolymer films. A negative DR value indicates
a polarization-axis-selective photo-cross-linking reaction of the
MCB groups. The absolute DR values increase as the photo-
reaction proceeds when the degree of the photoreaction is less
than 35-50 mol %, but decreases upon a further photoreaction.
For 1a-1c, the generated DR values are between-0.019 to
-0.025 when the degree of the photoreaction is 20 mol %. These
are the largest DR values among axis-selective photoreactions
of the MCB side groups based on the polarization-preserved
energy transfer using triplet photosensitizers excited with LP
405 nm light.43 This implies that the NB group possesses an
excellent axis-selectivity for both the photoexcitation and the
polarization-preserved energy transfer to the MCB groups. On
the other hand, the generated DR values for2a and 2b are
around-0.01- -0.015, respectively, which are similar to films
of 6 doped withp-nitroaniline. The axis-selectivity of the NP
moiety should be similar to thep-nitroaniline moiety due to
the analogous chemical structure. A large transition moment of
the NB group compared to the NP group contributes to the
efficient axis-selection of the photoexcitation.48 Additionally,
the absolute DR values are larger as the composition of the
photosensitizer increases for both copolymers if the degree of

S)
A| - A⊥

A(large)+ 2A(small)
(2)

I ) I0 sin2(2θ) sin2(π∆nd
λ ) (3)

Figure 2. Degree of the photoreaction of the copolymer films as
functions of the exposure energy for1a (closed circles),1b (closed
triangles),1c (closed squares),2a (open circles), and2b (open triangles).

Figure 3. Photoinduced DR values at 315 nm of the copolymer films
as functions of the degree of the photoreaction for1a (closed circles),
1b (closed triangles),1c (closed squares),2a (open circles), and2b
(open triangles).
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the photoreaction is similar. The maximum DR value is obtained
with a lower degree of the photoreaction and a low photosen-
sitizer composition. The polarization-preserved energy transfer
from the photoexcited sensitizers and the subsequent photore-
action of the MCB groups occur near the axis-selectively
photoexcited photosensitizers within the quenching sphere.43

Therefore, axis-selective photoreactions of the MCB groups,
which are far from a photosensitizer, are difficult and lower
the polarization-selectivity for the energy transfer as the
composition of photosensitizer decreases.

Figure 4 indicates that films of1 and 3 were luminiferous
under 405 nm light irradiation due to the emission of the NB
groups. The emission spectra of1a-1c films are similar and
the emission intensity increases as the composition of the NB
groups increases. Theλmax of the emissions for1b and1c are
495 nm, but that of1a is 490 nm. In contrast,λmax of emission
for 3b is 491 nm, while that for3a is 473 nm and has a very
small emission intensity. The red shifts in the emissions for
films of 1a-1c compared to3a film are due to the exciplexes
between the NB and MCB groups, while the large emission
intensities are derived from the larger amounts of exciplex
formation. Similar red shifts due to exciplex formation have
been reported for6 and for poly(vinyl cinnamate) films doped
with benzophenone derivatives.43,49For 3b, the excimer forma-
tion, which is due to high concentration of the NB groups, may
cause the red shift in the emission and the increased emission
intensity. These results indicate that the interaction between the
photoexcited NB and MCB groups form the exciplex, which is
the origin of the polarization-preserved energy transfer.

3.3. Thermal Enhancement of Photoinduced Optical
Anisotropy. The photoinduced optical anisotropies are reversely
amplified when the exposed films of1 and2 are annealed in
their LC temperature ranges. The reorientation direction of the
mesogenic groups is parallel toE. Figure 5 plots the thermally
enhanced order parameters of the copolymer films as functions
of the degree of the photoreaction. The annealing temperatures

were 190°C for 1a and1b, 210°C for 1c, 160°C for 2a, and
180°C for 2b. These thermally enhanced reorientations are due
to the photo-cross-linked anchors parallel toE generated by
the axis-selective photoreaction and the self-organization, which
originate from the LC nature of the film.29,50 The enhanced
maximumS values of1a, 1b, and1c films are between 0.73
and 0.75 and the generated∆n values are near 0.25, which are
the highestS and∆n values for LC polymer films comprised
of MCB groups based on a polarization-selective photosensi-
tizing system using 405 nm light.42,43 However, for films of2,
the enhancedSvalues are approximately 0.55-0.64, which are
similar to those of6 doped withp-nitroaniline and benzophenone
derivatives. The smallerS values for films of2 are due to the
smaller DR values compared to those of the copolymer1 series.
The high photoinduced DR values, which are initiated by the
efficient axis-selective photoexcitation of the photosensitizer and
polarization-preserved energy transfer, play an important role
in the thermally enhanced highS values.

It is noteworthy that maximumS values for the copolymer
films are obtained when the degree of photoreaction is between
7 and 15 mol %, which is less than the degree of photoreaction
for homopolymer6 using LP 365 nm light (∼20%). Figure 6
illustrates the axis-selective photoreaction. Figure 6a shows that
the photo-cross-linked anchors for the thermally enhanced
parallel reorientation for copolymers films of1 and 2 are
generated in the quenching spheres, while Figure 6b shows that
the effective reorientation using the photo-cross-linked anchors
of a homopolymer6 film and LP 365 nm light is generated in
the entire area. In this context, the degree of the photoreaction
in the quenching sphere is similar to the case of the homopoly-
mer without a photosensitizer, while the degree of photoreaction
in the entire region is lower than that of the homopolymer. A
small amount of the photo-cross-linked anchor, which is
efficiently generated parallel toE in the quenching sphere,
thermally reorients the surrounding mesogenic groups with a
high reorientational order and the resulting domain reorients
all the mesogenic groups according to the domino effect based
on the LC nature of the film, especially for copolymer films of
1.

Additionally, cooperative molecular reorientation for both the
MCB and NB groups is observed due to the LC nature of both
side groups. Figure 7 shows the polarization IR spectra of an
oriented 1c film. The differential spectrum reveals positive
absorption bands for the CdC, Ph-O-C, and NdO vibrations,
and negative ones for the CdO and C-H vibrations. TheS
values at 2942 (C-H), 1726 (CdO), 1631 (CdC), 1347 (Nd
O), and 1252 cm-1 (Ph-O-C) are-0.31,-0.11, 0.74, 0.58,
and 0.63, respectively. These results indicate that both the MCB
and NB groups, and alkylene spacers align parallel toE.

Figure 4. Photoluminescence spectra of1a, 1b, 1c, 3a, and3b films.
Films are 0.2µm thick. Excitation wavelength is 405 nm.

Figure 5. Thermally enhancedSvalues at 315 nm as functions of the
degree of the photoreaction for1a (closed circles),1b (closed triangles),
1c (closed squares),2a (open circles), and2b (open triangles).
Annealing temperatures are 190°C for 1a and1b, 210°C for 1c, 160
°C for 2a, and 180°C for 2b. Annealing time is 10 min.

Figure 6. Schematic illustrations of the axis-selective photoreactions
of (a) copolymer1 and2 films, and (b) the homopolymer film without
photosensitizers.

3248 Kawatsuki et al. Macromolecules, Vol. 39, No. 9, 2006

CDV



Furthermore, as shown in Figure 8, the polarization photoemis-
sion spectra of the reoriented1c film excited with nonpolarized
405 nm light support the cooperative molecular reorientation.
It also reveals thatλmax for the emission parallel to the
reorientation direction is 502 nm, while that for the emission
perpendicular is around 480 nm. The DR for the emission
intensity is 0.57. The red shift ofλmax is caused by the strong
interaction between the MCB and NB groups after the coopera-
tive reorientation.

3.4. Multiple Optical Data Storage Using LP 405 nm LD.
Molecular reorientation in photoreactive materials is applicable
to optical data storage systems.1,2 Since the copolymer1 films
exhibit efficient molecular reorientation abilities and the key
step is the axis-selective photo-cross-linking reaction of the
MCB groups as described in the above section, plural exposures
to LP light may independently record their axis-selective photo-
cross-linked information. Thus, multiple optical data storage in
a 1b film was performed using multiexposures to LP 405 nm
LD while controlling the polarization of the LD beam.

The photoinduced reorientation behavior of a 0.3µm-thick
1b film was initially probed using a LP LD beam. Figure 9a
plots the thermally enhanced∆nd values of the films as a
function of irradiation time and reveals that an induced∆nd
greater than 60 nm is obtained when the exposure time is
between 300 and 700 ms. In this case, the degree of the
photoreaction is around 10 mol %, which implies that the
reorientation behavior is similar to that obtained using LP 405
nm light. Next three types of LP LD beams with different
polarization directions (LP1, LP2, and LP3, exposure time of
350 ms) were used to record the LD beams and to evaluate the

thermally enhanced reorientation behavior under multiple LD
exposure. The polarization directions of LP2 and LP3 beams
were 15° and 50° againstE of the LP1 beam, respectively. Then
three different reoriented film were fabricated: the A-film was
exposed to the LP1 beam, the B-film was exposed to the LP1
beam followed by LP2, and the C-film was exposed to the LP1
beam followed by LP3. To induce molecular reorientation, all
the exposed films were annealed at 190°C for 5 min. Figure
9b plots the transmittance intensity of the reoriented film set
between two crossed polarizers as the film was rotated. It
demonstrates that all the films are unixially oriented and the
orientation directions are 0° for A-, 7.5° for B-, and 25° for
C-films with respect toE of the LP1 beam. The reorientation
direction for the B- and C-films is in the middle of the
polarization angle of the two LP LD beams. Namely, the two
directions of the photo-cross-linked anchors control the main
reorientation direction of the film. The generated birefringence
values are 61, 55, and 35 nm for the A-, B-, and C-films,
respectively. The∆ndvalues for the B- and C-films are smaller
than that of the A-film since irradiating with two types of LD
beams is equal to using an ellipsoidal polarized light beam.51

Although the exposure order is reversed, the molecular reori-
entation behaviors are similar. These results suggest that
adjusting the polarization direction of the two LP light beams,
which are exposed to the film, can control the orientation
direction.

As summarized in Table 2, this phenomenon is successfully
demonstrated since three LD light beams were used to control
the reorientation direction for multiple information storage of
seven kinds of data spots. The exposure time of each LD beam
was 300 ms. Figure 10 shows photographs used to evaluate the
reorientation direction of the recorded spots in a1b film with
various film angles under a polarization optical microscope. It
implies that the orientation direction coincides with the expected
angle summarized in Table 2, which corresponds to the angle
between the two beams when the spot is recorded with two LD

Figure 7. Polarization IR spectra of a reoriented1c film on CaF2

substrate. Absorption parallel (A|), perpendicular (A⊥) to E of LP 405
nm light, and differential spectrum,A| - A⊥.

Figure 8. Polarization photoluminescence spectra of a reoriented1c
film excited by nonpolarized 405 nm light. Film is 0.2µm thick.

Figure 9. (a) Thermally enhanced birefringence (∆nd) values of1b
films as a function of irradiation time of LP 405 nm LD. All the films
are annealed at 190°C for 5 min after irradiation.∆nd is measured at
633 nm. Film is 0.3µm thick. (b) Transmittance intensity of the
reoriented film exposed with three types of LP beams when the film is
rotated between two crossed polarizers.1b films are exposed with LP1
(circle points), LP1+ LP2 (triangle points), and LP1+ LP3 (square
points). All the irradiated films are annealed at 190°C for 5 min.
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beams. The orientation direction of the recorded spot is 21°
when irradiating with three LD beams (spotd). This value is
close to the sum of the three LD beam polarization vectors.
These results indicate that one recorded spot can include three
kinds of information and analyzing the orientation direction can
decode the stored information. Additionally, varying the inten-
sity of the two LD beams can change the reorientation angle.
Further detailed experiments to investigate these new types of
recordings are currently underway.

4. Conclusion

Thermally enhanced photoinduced optical anisotropy with a
sufficient reorientational order in new photo-cross-linkable LC
copolymer films based on a polarization-axis-selective energy
transfer was achieved using a LP 405 nm light. The energy
transfer was attributed to the exciplex formation between an
axis-selectively excited photosensitizer and the MCB groups.
The resultant photoinduced optical anisotropy was reversely
enhanced in a direction parallel toE of LP light. The generated
DR value reached-0.025 when degree of the photoreaction
was 20 mol %, and a thermally amplifiedS value of 0.75 was
obtained for the copolymer, which had NB side groups as the
photosensitizing group. To date, these are the largest DR andS
values for the photoinduced reorientation in the photo-cross-
linkable LC polymer films based on the polarization-preserved
photosensitizing system. The axis-selectivity of the photosen-
sitizer played an important role in generating the large photo-
induced optical anisotropy of the film and the degree of thermal

amplification depended on the photoinduced DR values. Since
copolymer1 films exhibited an efficient photosensitivity and
photoinduced reorientation ability, plural LP 405 nm LD light
exposures while changing the polarization of the LD light
derived a new multiple optical data storage where the recorded
information was decoded by analyzing the reorientation direc-
tion. Thus, it is anticipated that a photoinduced reorientation
system using these copolymers is applicable as phase retarders
for liquid crystal displays and in multiple optical data storage
systems.
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