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A new photo-cross-linkable liquid crystalline polymer (PLCP) comprised 4-methoxycinnamoyloxy groups
connected with a bistolane side group was synthesized to investigate thermally enhanced photoinduced
molecular reorientation of a thin film with linearly polarized (LP) 365 nm light exposure. Due to the axis-
selective photoreaction of the cinnamate groups followed by the thermally induced self-organization,
large molecular reorientation parallel to the polarization of LPUV light (S> 0.6) and large birefringence at
the non-resonance region (Dn¼ 0.34 at 632.8 nm) were obtained. The obtained Dn value is the largest
among transparent PLCPs in the visible region. The influence of the degree of photoreaction and the
annealing temperature on the thermally enhanced molecular reorientation behavior was explored in
detail. Finally, for an application of thin optical devices using the PLCP films, pure polarization holo-
graphic gratings with large birefringence, which showed periodic molecularly oriented structure, were
fabricated using a 325 nm HeeCd laser in various polarization modes and characterized their optical
properties.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Much attention has been paid to the photoinduced molecular
reorientation of photoreactive polymeric materials due to large
number of their applications, such as optical and holographic
memories, birefringent optical devices and photoalignment layers
for liquid crystal displays [1e8]. Several types of photoreactive
polymers, including azobenzene-containing polymers [2e4,9e12]
and photo-cross-linkable liquid crystalline polymers (PLCPs) with
cinnamate or coumarin end groups [5,6,13e16], have been inves-
tigated. New approach for the photoinduced molecular reor-
ientation includes the polymers based on the ionic self-assembly
that exhibited very large molecular orientation. [17] The axis-
selective photoreaction of these polymeric films was initiated by
the use of linearly polarized (LP) light irradiation [18]. For the
azobenzene-containing polymers, molecular reorientation
perpendicular to the polarization (E) of the LP light occurs simul-
taneously via the axis-selective trans-cis-trans photoisomerization
process [2]. However, azobenzene-containing polymeric materials
: þ81 79 267 4885.
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are not utilized for display applications because they are colored in
the visible region. In contrast, thermally enhanced molecular
reorientation parallel to E after the axis-selective photoreaction
occurs in the cinnamate-containing PLCP films due to the LC
characteristics of the material, which causes self-organization [6].
The selectively photoreacted groups parallel to the polarization of
the LP light act as a photo-cross-linked anchor to thermally reorient
the non-reacted mesogenic groups along them [6,14]. Since the
reoriented PLCP films are transparent in the visible region they are
useful for display applications [19,20]. To attain thinnermolecularly
reoriented optical devices, we need larger photoinduced optical
birefringence. Therefore, both an efficient molecular orientation
and a large inherent birefringence are necessary for useful
materials.

Since the tolane moiety has a larger inherent optical birefrin-
gence than a biphenyl or phenyl benzoate mesogenic core in LC
materials, several types of tolane-containing LC monomers and
polymers have been investigated [21e31]. Copolymerization of
monomers with tolane side groups is an effective technique for
enhancing photoinduced optical anisotropy, where cooperative
molecular reorientation is needed [24b,25,27]. Ikeda’s group has
synthesized azobenzene-containing polymethacrylates copoly-
merized with monomers containing tolane side groups, which

mailto:kawatuki@eng.u-hyogo.ac.jp
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer


OOC
O

O
O

OCH3C C C C

CH3

OHO O
O

OCH3C C C C

CH3

COCl

OHO C C C CH

CH3
O
O

OCH3+ I

Pd(PPh3)2Cl2
CuI

NH3aq

OHO C C C

CH3

NaOH

OHO C C Br

CH3

Pd(PPh3)2Cl2
CuI

NH3aq

OHO C CH Br

CH3
I+

+ HC C C
CH3

CH3

OH

C C
CH3

CH3

OH

Pd(PPh3)2Cl2
CuI

NH3aq
1

2

3

4 5

6

N. Kawatsuki et al. / Polymer 51 (2010) 2849e28562850
showed large birefringence [25]. They also reported large photo-
induced birefringence in polymethacrylates with a tolane moiety
directly attached to azobenzene side groups [23,24]. We have
investigated the thermally enhanced photoinduced reorientation
behavior in polymethacrylate films consisting of a 4-methox-
ycinnamoyloxy group connected with a tolane moiety (P2 in Fig. 1)
[28]. This PLCP film showed a larger thermally enhanced photoin-
duced birefringence (Dn¼ 0.27) than that of a polymethacrylate
with a biphenyl moiety (P3 in Fig. 1, Dn¼ 0.24). Furthermore, it is
known that the bistolane moiety possesses higher inherent bire-
fringence than the tolane moiety. Okano et al. have synthesized
a polymethacrylate with a bistolane mesogenic core directly
attached to an azobenzene end group [23,24a]. However, the bis-
tolane moiety has not yet been introduced as the LC core into PLCP
materials, which are transparent in the visible region.

In this paper, we describe a synthesis of a new PLCP that exhibits
large thermally enhanced photoinduced birefringence as well as its
thermallyenhancedphotoinducedmolecular reorientationbehavior
using LP-365 nm light. We synthesized a polymethacrylate with
a photoreactive 4-methoxycinnamoyloxy group directly connected
to a bistolane side group (P1 in Fig. 1). This PLCP showed the largest
photoinduced birefringence at the wavelength with non-resonance
region among the PLCPs so far. The influence of the degree of the
photoreaction and the annealing temperature on the thermally
enhanced molecular reorientation behavior was explored in detail.
Finally, as a transparent optical application using PLCP films, polar-
ization holographic gratings were fabricated using interference
325 nm light beams in various polarization modes, and their optical
propertieswerecharacterized.AmongP1-P3films, thegratingsofP1
films exhibited the most efficient diffraction properties due to the
largest photoinduced birefringence.
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2. Experimental section

2.1. Materials

Starting materials were used as received from Tokyo Kasei
Chemicals and Aldrich Co. Ltd. In addition, we used previously
synthesized PLCPs P2 and P3 [14,28] Additionally, a poly-
methacrylate with 4-methoxybistolane side groups (P4) was
synthesized for the comparison of the photoreaction of the bisto-
lane groups with cinnamate groups in P3. The synthetic route for
methacrylate monomer with bistolane side groups is outlined in
Scheme 1. Monomers 1 and 5 were synthesized according to the
literature [28]. The detailed synthetic procedures for 2-4, and 6-9
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Fig. 1. Chemical structures of PLCPs P1eP3, and P4.

9

Scheme 1. Synthetic route for methacrylate monomers 7 and 9.
are described in the supporting information. Polymerization was
carried out by free radical polymerization of monomers 7 and 9, in
THF, using AIBN as an initiator at 55 �C for one day. Monomer and
AIBN concentrations were 10 w/v% and 1.2 mol%, respectively. After
the polymerization, we purified the polymers by precipitating
them for several times from a THF solution into methanol and
Table 1
Molecular weight and thermal properties of the polymers used.

Polymer Mn�10-4 a Mw/Mn Thermal properties (�C)b

P1 4.2 2.3 C 114N> 300 I
P2 2.5 2.2 C 66N> 300 I
P3 3.2 2.5 G 105N> 300 I
P4 2.1 1.6 G 96 N 202 I

a Measured by GPC, polystyrene standards, chloroform eluent.
b G; glass, C; crystal, N; nematic, I; isotropic. Determined by DSC and POM.



Fig. 2. Experimental set up for polarization holography.
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Fig. 3. Absorption spectra of P1eP4 films on quartz substrates.
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diethyl ether. The synthetic yield was around 50 wt.%. Table 1
summarizes the molecular weight and thermal properties of the
polymers.

2.2. Photoreaction

Thin polymer films (approximately 150 nm thick) were
prepared by spin-coating a methylene chloride solution of poly-
mers (1.0 w/w%) onto quartz or CaF2 substrates. The photoreactions
were performed using an ultrahigh-pressure Hg lamp equipped
with Glan-Taylor polarizing prisms and a band-pass-filter at
365 nm (FWHM¼ 10 nm) to obtain LP-365 nm light. This light
intensity was 25 mWcm�2 at 365 nm. The photoreactivity of the
cinnamate and tolane groups of the film was estimated by moni-
toring the decrease in absorbances at 1639 cm�1 (vibration of the
cinnamate double bond) and 2200 cm�1 (vibration of the carbone
carbon triple bond), respectively, using FT-IR spectroscopy.

2.3. Characterization

1H NMR spectra using a Bruker DRX-500 FT-NMR and FT-IR
spectra (JASCO FTIR-410) confirmed the monomers and polymers.
The molecular weight of the polymers was measured by GPC
(Tosoh HLC-8020 GPC systemwith a Tosoh TSKgel column; eluent-
chloroform) calibrated using polystyrene standards. The thermal
properties were examined using a polarization optical microscope
(POM; 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 �Cmin�1. The polarization absorption spectra were measured
with a Hitachi U-3010 spectrometer equipped with Glan-Taylor
polarization prisms. The photoinduced optical anisotropy, DA,
which was evaluated using polarization absorption spectra, is
expressed as Eq. (1):

DA ¼ Ajj � At (1)

where Ak and At are the absorbances parallel and perpendicular to
E, respectively. The thermally enhanced molecular reorientation
was conducted by annealing an exposed film at an elevated
temperature for 5 min. The in-plane order was evaluated using the
reorientational order parameter, S, which is given in Eq. (2). This
equation shows that the reorientation direction is parallel to E of
the LPUV light for S > 0, but perpendicular for S < 0.

S ¼ Ajj � At

AðlargeÞ þ 2AðsmallÞ
(2)

where Ak and At are the absorbances parallel and perpendicular to
E, respectively, while A(large) is the larger value of Ak and At, and
A(small) is the smaller one. Additionally, this equation expresses
appropriately the orientation order of the mesogenic groups for
both directions. The birefringence (Dn) of a reoriented film was
measured by the Senarmont method at 633 nm [32].

2.4. Polarization holography

Polarization holographic grating was recorded with orthogonal
linear (OL) exposure using two beams with s- and p-polarized
components [32e34]. Orthogonal circular (OC) exposure consisting
of two opposing circular polarization (R- and L-) beams was also
carried out. A HeeCd laser (Kinmon Koha, IK3501R-G-S) at
a wavelength of 325 nm was used as the light source. The polari-
zation of the laser beams was adjusted by t he use of half- and
quarter-wave plates. The optical set-up for polarization holography
is illustrated in Fig. 2. After the exposure, the sample film was
annealed at elevated temperatures to generate a molecular reor-
ientation. The grating constant (L) was set to 2e15 mmby adjusting
the angle (2q) between two light beams. The holographic gratings
were analyzed using a probe beam emitted from a HeeNe laser at
a wavelength of 632.8 nm. For first order diffraction, the diffraction
efficiency was measured using a photo-detector, and the polariza-
tion states were evaluated using a polarizer placed behind the
sample plane.
3. Results and discussion

3.1. Synthesis, thermal and spectroscopic properties of PLCPs

PLCP P1was synthesized by free radical polymerization in a THF
solution. A methyl substituent at the bistolane moiety was intro-
duced to improve solubility of the polymer in common organic
solvents, including chloroform, toluene, and DMF [36]. As summa-
rized in Table 1, all polymers revealed a nematic LC phase. The
nematiceisotropic transition of P1, P2 and P3was above 300 �C and
was accompanied by a partial thermal decomposition. In contrast,
P4 exhibited nematic liquid crystalline phase between 96 and
202 �C. DSC curves and POM photographs of the PLCPs are shown in
the supporting information (Figs. S1 and S2).

Fig. 3 shows the absorption spectra of P1-P4 films on quartz
substrates. The absorption maximum of P1 was at a longer wave-
length than that of P2 and P3 due to the conjugation of the bisto-
lane moiety. It contains absorption maxima around 340 nm, and
the absorption around 365 nm is large. Additionally, the absorption
spectrum of a P4 film revealed absorption maxima around 320 nm,
and it contains moderate absorption around 365 nm. These results
indicate that the absorption band of cinnamate group shifted to
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long wavelength due to the bistolane moiety and the absorption
band of the bistolane moiety overlaps with that of the cinnamate
groups.
3.2. Photoreaction of PLCP films

It is well known that exposing a polymeric film with cinnamate
side groups to LPUV light leads to an axis-selective [2 þ 2] photo-
dimerization and photoisomerization [17,37]. Additionally, the
tolane moiety also axis-selectively photoreacted with LPUV light to
give photodimerized products [28b,31]. Fig. 4 shows changes in the
absorption spectra of a P1 film when it was exposed to LP-365 nm
light. The film became insoluble in organic solvents even though
the exposure dose was 0.25 J cm�2, suggesting that the photo-
cross-linking reaction of the mesogenic side groups occurred at the
early stage of the photoreaction. The insets of Fig. 4 plot the
photoinduced optical anisotropies at 336 nm as a function of
exposure energy. It shows negative optical anisotropy due to the
axis-selective photoreaction under LP-365 nm light.

To clarify the detailed photoreaction of the mesogenic side
groups of a P1 film, the photoreaction of the cinnamate and bis-
tolane groups was estimated by FT-IR spectroscopy. Fig. 5a shows
change in the FT-IR spectra of a P1 film. As seen in the figure, the
absorption at 1639 cm�1 (cinnamate groups) gradually decreased,
while the decrease in the absorbance at 2200 cm�1 (tolane groups)
was very slow. The degree of the photoreaction (DP) of cinnamate
(DPc) and bistolane groups (DPt) is plotted in Fig. 5b. It shows that
the DPc gradually increased, whereas the increase in the DPt was
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much slower: 95% of the tolane moieties remained when DPc was
50%. Furthermore, Fig. 5c shows change in the FT-IR spectra of a P4
film, exhibiting that the photoreaction of the bistolane moiety
occurred although larger exposure energy was required as
compared to the photoreaction of the cinnamate for P1. These
results indicate that the photoreaction of the bistolane moieties
requires more exposing energy than that of the cinnamate moiety.
3.3. Thermal enhancement of the photoinduced optical anisotropy
of P1 film

We have previously reported that a small photoinduced optical
anisotropy of the P2 and P3 films, which is derived by irradiating
with LPUV light, can be reversely enhancedwhen the exposed films
are annealed in the LC temperature range of the material [14,28].
The resultant molecular reorientation was parallel to the E of LPUV
light and the order parameter was greater than 0.6. This revers-
ibility is due to the self-organization of the non-reacted mesogenic
side groups thermally reoriented along the photo-cross-linked
groups parallel to E, which acted as a photo-cross-linked anchor.
The sufficient molecular reorientation was derived when the DPc
was around 1% for P2, but more DPc (10e15%) was required for P3
[14,28]. This indicates that a small amount of photo-cross-linked
anchors with tolane moieties more effectively induced the self-
organization of all the mesogenic side groups parallel to E than that
with biphenyl moieties [28].
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Table 2
Optical properties of PLCP films with thermally enhanced, photoinduced
reorientation.

Polymer DPa (%) Annealing temperatureb (�C) Sc Dnd

P1 2.5 230 0.64 0.34
P2 0.8 200 0.69 0.27
P3 14.5 155 0.68 0.24

a Degree of photoreaction.
b Annealing for 5 min.
c In-plane order parameter at 336 nm for P1, and at 314 nm for P2 and P3.
d Birefringence at 632.8 nm, as measured by the Senarmont method.
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Fig. 6 shows the change in the polarization absorption spectra of
a P1 film before and after irradiating with LP-365 nm light, and
after the subsequent annealing, when the maximum thermally
enhanced molecular reorientation was obtained. The exposure
energy was 0.15 J cm�2 (DPc¼ 2.5%, DPt< 1%) and the annealing
temperature was 230 �C. After the photoirradiation, the film was
insoluble in organic solvents, suggesting the occurrence of photo-
cross-linking reaction. The photoinduced negative optical anisot-
ropy after the irradiation with LP-365 nm light was very small
(DA< 0.01), and reversely amplified by the annealing procedure.
This thermal amplification is similar phenomena to that of P2 and
P3 films. The generated in-plane order parameter, S, wasþ0.64 and
the birefringence, Dn, of P1 filmwas 0.34. The maximum generated
S and Dn values of the P1-P3 films are summarized in Table 2. The
Dn value of the reoriented P1 film is the largest among the PLCPs
that are transparent in the visible region, although the S value is
somewhat smaller than that of P2 and P3. The molecular motion of
the long bistolane moieties would be difficult for the sufficient self-
organization at elevated temperatures. Despite the smaller S value
of the P1 film, the largest Dn value of the reoriented P1 film is due
to the large inherent birefringence and refractive indices of the
bistolane moieties. Additionally, the large photoinduced Dn (>0.4)
had been obtained in polymethacrylate with the bistolane moiety
attached with azobenzene side groups [23], although it was
a colored material and very large Dn value was due to the wave-
length measured near the resonance region.

It is worth noting that DPc required to attain large thermally
enhanced molecular reorientation for a P1 film was much lower
than that for P3 [14]. Additionally, the effective molecular reor-
ientation for the P2 film was achieved at an early stage of the
photoreaction [28]. These results indicate that a small amount of
axis-selective, photo-cross-linked mesogenic groups with (bis)tol-
ane moieties parallel to E effectively act as the photo-cross-linked
anchors. Further detailed results are discussed in the following
section.
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3.4. Effect of the degree of photoreaction on molecular reorientation

The DP influenced thermally enhanced molecular reorientation
behavior. Fig. 7 plots the thermally enhanced S values of P1 films as
a function of DPc, in which films were exposed to LP-365 nm light
and subsequently annealed. For comparison, the thermally
enhanced S values of P2 and P3 films are also plotted. The annealing
temperatures were 230 �C for P1, 200 �C for P2 and 155 �C for P3.

For P1, sufficient molecular reorientation parallel to E (S>þ 0.6)
was observed when DPc was around 2.5e4.5%. The generated
maximum S values decreased as the DPc further increased and the
molecular reorientation did not occur when the DPc was greater
than 10%. The molecular mobility for the self-organization reduced
due to the large amount of photo-cross-linked products. For P2,
smaller amount of photoreaction was required for the maximum
molecular reorientation parallel to E, where the required DPc was
around 1%. In contrast, larger amount (DPc¼ 10e15%) of photore-
action was needed for the sufficient molecular reorientation
parallel to E for P3 films, while molecular reorientation perpen-
dicular to E was observed when the DPc was several %. In this case,
small amount of photoproducts act as impurities to reduce the
liquid crystalline property parallel to E of LPUV light, resulting in
the thermally enhanced self-organization perpendicular to E. This
Fig. 9. (a) Polarization modulation of the interference light beams under OL and OC
conditions. (b) POM photographs of the polarization gratings of P1 films with OL
condition. The arrows show the direction of the polarizers. (c) AFM image of the
gratings of P1 films with OL condition.



Table 3
The fabrication conditions and optical properties of polarization gratings.

Polymer Two beamsa Exposure energya (mJ cm�2) h (%)b Dnc

P1 OL 40 1.5 0.33
P1 OC 40 2.8 0.32
P2 OL 22 1.0 0.27
P2 OC 22 1.9 0.26
P3 OL 400 0.7 0.23
P3 OC 400 1.3 0.23

a Film thickness 150 nm. Exposure was by 325 nm He-Cd laser.
b First-order diffraction efficiency at 633 nm. The Incident beam was linearly

polarized.
c Birefringence at 632.8 nm.
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thermal enhancement perpendicular to E was observed in azo-
benzene-containing LC polymers and PLCPs with H-bonded
mesogenic side groups [38e40]. For P1 and P2, thermal enhance-
ment perpendicular to E did not occur. A small amount of photo-
reacted side groups parallel to E act as the photo-cross-linked
anchor for the self-organization rather than acting as the impuri-
ties. The thermally enhanced molecular reorientation of the (bis)
tolane moieties parallel to E is initiated by a small amount of
photoreaction of the cinnamate end groups. Additionally, the larger
required DPc for the effective orientation of the P1 film than that of
P2 could be due to the methyl substituent at the bistolane moiety.
A similar phenomenon has been observed for P2 analogues, when
the tolane moiety had a methyl substituent [28b]
Grating by OC, R-circularly polarized incident beam.
3.5. Effect of the annealing temperature on molecular reorientation

The annealing temperature also influenced thermally enhanced
molecular reorientation, as plotted in Fig. 8. Here, DPc for P1 was
2.5%. The figure shows that the thermal amplification of the
molecular reorientation occurredwhen annealing temperaturewas
in the LC temperature range of the material. This is quite similar to
the case of other PLCP films that exhibited thermal amplification of
the photoinduced optical anisotropy based on a photo-cross-linked
anchor.
3.6. Polarization holography

Polarization gratings were recorded using two beam interfer-
ometry with OL and OC beams using P1-P3 films. In these
recording conditions, light intensity is not modulated, but the
polarization of the interferometric light beams is, as illustrated in
Fig. 9a. These holographic recordings induce a periodic molecular
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fabricated with OL beam.
reorientation of the PLCP films according to the polarization
modulation direction, which form the pure polarization gratings.
The grating constant was set to 2e15 mm by adjusting the angle of
two beams [41].

Fig. 9b shows POM photographs of fabricated P1 gratings with
40mJ cm�2 doses of OL beamwhen the grating constant was 11 mm.
It reveals that a bright area appears every 5.5 mm, which corre-
sponds to the half pitch of the grating constant. A bright area
implies that the uniaxial molecular reorientation and the neigh-
boring orientation directions are orthogonal to each other. AFM
image revealed that the height of the surface relief formation was
less than 3 nm as shown in Fig. 9c, due to the uniform light
intensity of the polarization holography. The grating fabricated
with the OC beam showed a similar results (Fig. S3). Thus, polari-
zation holographic recording was successfully fabricated on a P1
film for both recording conditions. Additionally, polarization
grating of P2 and P3 films were also fabricated. Table 3 summarizes
Fig. 12. Summary of the polarization states of the �1st order diffracted beams on
polarization gratings using P1 film. The diffraction efficiencies (DEs) of each diffraction
beam appear in parentheses.
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the fabrication conditions and optical properties of polarization
gratings of P1-P3 films when the maximum diffraction efficiency
was obtained. The Dn values were calculated by the theoretical
consideration using the value of the diffraction efficiency [35b]. It
shows that the energy required for fabricating satisfactory gratings
of P1 and P2 films was much lower than for P3 films because of the
low exposure energy required for the effective molecular reor-
ientation. Additionally, the Dn values generated were similar to
those estimated from the uniaxially molecular-reoriented films for
all the gratings, since polarization holography induced the efficient
molecular reorientation. Furthermore, due to its larger Dn values of
reoriented P1 film, the diffraction efficiency was the highest among
P1-P3 films.

To evaluate the resolution of the polarization gratings, the
influence of the grating constant on the polarization holography
was investigated [41]. Fig. 10 plots the induced birefringence at
632.8 nm of P1 and P3 films for various grating constant, where the
induced Dn was normalized at a maximum value. As the grating
constant becomes larger, the induced birefringence also becomes
larger until it is approximately saturated at a grating constant of
11 mm in both materials. It seems that the resolution of P1might be
lower than that of P3, when the grating constant was small.
Because P1 contains elongated and rigid mesogenic side groups,
thermally enhanced reorientation process possesses a limitation for
the sufficient periodical molecular orientation.

One of the features of the polarization gratings is the
conversion of the polarization of the diffracted beams. Fig. 11aed
show polar-plots of the 0th and �first-order diffracted laser
beams for P1 polarization gratings, which represent the optical
intensity distribution along a polarization azimuth angle as
polarization states. The characteristics of the fabricated polari-
zation gratings and the first-order diffraction efficiencies are
shown in Fig. 12. For the grating fabricated with OL beams, the
polarization of the diffracted beams was rotated by 90 deg, when
the linearly polarized probe beam was used as plotted in Fig. 11a.
This grating reversed the rotation direction of the �first-order
diffracted beams, when the probe beam was circularly polarized
(Fig. 11b). For the grating of fabricated with OC beams, the polar
plot of Fig. 11c shows that the circularly polarized, diffracted
beams with opposite circular rotations are obtained for a linearly
polarized probe beam. Interestingly, when the probe was
R-circularly polarized, only the þfirst order diffraction beam was
observed and the rotation direction was reversed, but the -first
order was invisible, as plotted in Fig. 11d. Furthermore, the
diffraction efficiency of the þfirst order beam was twice that of
a linearly polarized probe beam. These experimental results are
consistent with the theoretical predictions for pure polarization
gratings [33e35].
4. Conclusion

A thermally enhanced in-plane molecular reorientation with
large birefringence was investigated in a thin PLCP (P1) film
comprised of a 4-methoxycinnamoyloxy group directly connected
with a bistolane moiety. Based on the axis-selective photoreaction
of the cinnamate groups, the generated in-plane reorientational
order was greater than 0.6, and the birefringence was Dn¼ 0.34 at
633 nm. This is the largest Dn value for thermally enhanced
molecular reorientation for materials transparent in the visible
region. In addition, we have demonstrated optical device applica-
tions, such as polarization holography. Due to the larger generated
birefringence, efficient diffraction efficiency was obtained. Further
applications using P1 films for thinner birefringent devices is
currently under investigation.
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