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ABSTRACT:

Polymethacrylate copolymers, which have hexamethylene spacer groups terminated with

4-oxycinnamic acid, 4-oxybenzoic acid, and 4-(4'-oxyphenyl)benzoic acid in the side chain, were synthesized,
and the photoinduced cooperative molecular reorientation of thin films was demonstrated using linearly polarized
ultraviolet (LPUV) light and subsequent annealing. Adjusting the exposure doses can control the molecular
reorientation direction both perpendicular and parallel to the polarization E of LPUV light. Tuning the copolymer
composition adjusted the optical birefringence of homogeneously reoriented films between 0.095 and 0.178. Finally,
adjusting the exposure doses achieved uniform alignment control of low-molecular liquid crystals (LCs) on the
molecular reoriented copolymer films both perpendicular and parallel to the polarization E of LPUV light.

1. Introduction

The photoinduced orientation of polymeric films has received
much attention due to its potential capability as many kinds of
optical and photonics applications. Numerous studies have
reported an axis-selective trans—cis—trans photoisomerization
in azobenzene molecules'>*'° and photo-cross-linkable poly-
meric materials''~'® to generate the photoinduced optical
anisotropy. Among them, polymeric films comprised of cin-
namate or coumarin derivatives are transparent in the visible
region, and are axis-selectively photoreacted by irradiating with
LP ultraviolet (LPUV) light.'""'* For example, a polyvinyl
cinnamate (PVCi) film exhibits a small photoinduced optical
anisotropy after irradiating with LPUV light, and the resultant
film is applicable to the photoalignment layer for low-molecular
liquid crystalline (LC) molecules.'>™'® To generate a large
optical anisotropy, a molecular reorientation should accompany
the axis-selective photoreaction. For the photoreactive materials
attaining a large molecular reorientation, we carried out a
systematic study on photo-cross-linkable liquid crystalline
polymers (PLCPs) terminated with cinnamate derivatives.>'’~>!
Irradiating the PLCP films with LPUV light generates a
photoinduced optical anisotropy, and a subsequent thermal
treatment enhances the molecular reorientation due to the LC
characteristics of the material. The transparent reoriented films
are applicable to passive optical devices such as birefringent
films,** the LC alignment layers for liquid crystal displays,'®*
and polarization holographic gratings.>* Among them, we have
reported that a polymethacrylate comprised of a hexamethylene
spacer group terminated with a 4-oxycinnamic acid (CA) in its
side chain (P6CA) exhibits a large photoinduced molecular
reorientation with a high photoreactivity toward LPUV light.?!
Due to the hydrogen(H)-bonded dimers of the 4-oxycinnamic
acid moieties, P6CA exhibits a LC mesomorphism similar to
polymers terminated with 4-oxybenzoic acid (BA) in their side
chains.>>® An axis-selective photoreaction of the 4-oxycin-
namic acid groups of the P6CA film induces a small optical
anisotropy, and the subsequent annealing process thermally
generates the self-organization of the mesogenic groups.”’
Furthermore, adjusting the exposure doses achieves uniform
alignment control of low-molecular LCs on the resultant film,
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but a detailed investigation of the LC alignment behavior has
yet to be explored.

Cooperative photoinduced molecular reorientation is often
observed in azobenzene-containing polymers and PLCPs co-
polymerized with comonomers comprised of nonphotoreactive
mesogenic side groups.*'* The functionality of the reoriented
films may be derived from cooperative reorientation, while the
controllability of the molecular reorientation behavior may be
due to tuning of the comonomer. Several LC copolymers, which
containing H-bonded mesogenic side groups, have been ex-
plored.**™ Lin et al. have synthesized and characterized
H-bonded copolymers with BA groups and stilbazole side
groups.®® Gao et al. have investigated the surface relief formation
in an azobenzene-containing supramolecular polymer film.*°
Medvedev et al. have reported the laser-induced molecular
reorientation behavior of methacrylate copolymer films with
4-cyanobiphenyl and BA side groups doped with azobenzene
monomer stabilized by H-bonds.*' In addition, we have studied
methacrylate copolymer films with photoreactive 4-(4-meth-
oxycinnamoyloxy)biphenyl (MCB) and BA groups in their side
chains, and found that they exhibit a thermally enhanced
cooperative molecular reorientation when the composition of
the MCB side groups is less than 50 mol %.** With a higher
content of MCB groups, molecular reorientation is not observed
due to the decomposition of the H-bonds of the BA moieties,
although the copolymer shows a LC mesophase at all the
copolymer compositions. These observations suggest that the H-
bonded aromatic dimeric structure is important for the coopera-
tive molecular reorientation for the PLCPs containing H-bonded
mesogenic side groups. When copolymers contain different
aromatic acid groups in their side chains, aromatic acids will
randomly form the H-bonded LC dimers, which show different
optical and thermal properties from the homopolymer. However,
copolymers with a spacer group terminated with CA and
nonphotoreactive aromatic acid groups as well as their photo-
induced reorientation behavior have yet to be examined.

In these contexts, one purpose of this paper is to synthesize
new H-bonded photo-cross-linkable LC copolymers comprised
of photoreactive and nonphotoreactive aromatic acid side groups,
which can control the photoinduced optical birefringence of the
cooperatively reoriented copolymer films. New H-bonded meth-
acrylate copolymers comprised of a hexamethylene spacer group
terminated with CA side groups and BA or 4-oxyphenylbenzoic
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Figure 1. Synthetic route to copolymers used in this study.

acid (PBA) side groups (Figure 1) are synthesized, and their
thermally enhanced photoinduced molecular reorientation and
the influence of the nonphotoreactive acid groups on the
reorientation behavior are investigated. Because all the aromatic
acid groups form H-bonded mesogenic side groups, adjusting
the copolymer composition controls the optical birefringence
of the reoriented film with effective cooperative molecular
reorientation, which depends on the inherent birefringence of
the aromatic acid moieties. Another purpose is to apply a
reoriented film to a low-molecular LC alignment layer in order
to investigate the LC alignment behavior in detail. For all the
copolymer films, the LC alignment direction can be controlled
both perpendicular and parallel to E of LPUV light, but the
molecular reorientation and the type of the H-bonded mesogenic
groups affect the LC alignment behavior.

2. Experimental Section

2.1. Materials. All starting materials were used as received from
Tokyo Kasei Chemicals. Methacrylate monomers 6CAM and
6BAM were synthesized according to the literature,”' and the
synthetic procedure of 6PBAM and copolymer synthesis are
described in the Supporting Information.

2.2. Photoreaction. Thin polymer films, which were ap-
proximately 0.2—0.3 um thick, were prepared by spin-coating a
tetrahydrofuran (THF) or N, N-dimethylformamide (DMF) solution
of polymers (0.5—2% w/w) onto quartz or KBr substrates. The
photoreactions were performed using an ultrahigh-pressure Hg lamp
equipped with Glan-Taylor polarizing prisms and a cut-filter under
290 nm to obtain LPUV light with an intensity of 10 mW cm?2 at
365 nm. The degree of the photoreaction was estimated by
monitoring the decrease in absorbance at 314 nm using UV
spectroscopy for P6CA and BA-CA copolymer films and at 340
nm after eliminating the absorption of PBA groups for PBA-CA
copolymer films.

2.3. Characterization. '"H-NMR spectra using a Bruker DRX-
500 FT-NMR and FTIR spectra (JASCO FTIR-410) confirmed the
monomers and polymers. The molecular weight of a copolymer
was measured after modifying the aromatic acid groups to the
methyl ester. After esterification, the copolymers became soluble
in chloroform. The molecular weight of the copolymer methyl ester
was measured by GPC (Tosoh HLC-8020 GPC system with a Tosoh
TSKgel column; eluent, chloroform) calibrated using polystyrene
standards. A detailed procedure for the esterification of the
copolymers is described in the Supporting Information. 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
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Table 1. Molecular Weight and Thermal Property of Synthesized
(Co)Polymers

molecular weight (g/mol)”

polymer n x* M, x 107 My/M, thermal properties (°C)

P6CA 0 3.47 292 GI135N 1841
P6(BAS-CA) 1 5 2.08 341 GI39N 1781
P6(BA25-CA) 1 25 1.80 401 GI136N1781
P6(BAS0-CA) 1 50 2.04 350 GI38N 1771
P6(BA75-CA) 1 75 1.37 412 GI137N1751
P6(BA95-CA) 1 95 1.74 380 GI4IN1791
P6(PBA25-CA) 2 25 2.39 354 GI140N2071
P6(PBA50-CA) 2 50 2.19 293 GIS5N2401
P6(PBA95-CA) 2 75 2.35 289 G161 N2621
P6BA 1 100 3.50 352 GISTNI791
P6PBA 2 100 1.34 392 GI88N2991

@ Determined by 'H NMR. ® Molecular weight is determined by using
the methyl ester of the (co)polymer. Measured with GPC, chloroform eluent,
polystyrene standards. © Key: G, glass; N, nematic; I, isotropic. Determined
by DSC.

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 temperature controlled FTIR
spectra were recorded through a JASCO IRT-3000/FTIR-410
system with a Linkam TH600PM heating and cooling stage.

The photoinduced optical anisotropy, AA, which is expressed
as eq 1, was evaluated using the polarization absorption spectra,

AA=A,—Aq (1)

where A and Ap 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 10 min. The in-plane order was evaluated using
the reorientational order parameter, S, which is expressed as eq
2.'® This equation directly means that the reorientation direction is
parallel to E of the LPUV light for § > 0 and perpendicular for §
< 0.

§= Ay~ Ap
A(large) + 2A(small)

where A and Ap are the absorbances parallel and perpendicular to
E, respectively, and Aarge) is the larger value of Ay and Ap, and
A(small) is the smaller one. Additionally, this equation appropriately
expresses the orientation order of the mesogenic groups for both
directions. The birefringence (An) of a reoriented film was measured
by the Senarmont method at 633 nm.**

2.4. LC Alignment. A parallel LC cell was fabricated using two
LPUYV photoreacted copolymer films to evaluate the LC alignment
behavior. The cell (12.5-um thick) was filled with a nematic LC
mixture (ZLI4792: Merck Japan, 7; = 102 °C) doped with 0.1 wt
% of disperse blue 14 (Aldrich Co.) at 110 °C and then slowly
cooled. The homogeneous LC alignment direction and the orien-
tational order of the DB14 were evaluated from a dichroic
absorption measurement utilizing the guest—host effect.

(@)

3. Results and Discussion

3.1. Synthesis and Thermal and Spectroscopic Proper-
ties of Copolymers. All copolymers were synthesized by the
free radical copolymerization in THF solution. The synthesized
BA-CA copolymers and P6(BA25-CA) were soluble in THF,
but P6(PBA50-CA) and P6(PBA75-CA) precipitated during
polymerization in THF but were soluble in DMF. All the
synthesized copolymers exhibited a nematic LC mesophase and
the LC temperature range depended on the copolymer composi-
tion as summarized in Table 1. For BA-CA copolymers, 7; in
the copolymer slightly decreased when the BA composition
increased because 7; of the homopolymer P6BA is slightly lower
than that of P6CA. On the other hand, the LC temperature range
of PBA-CA copolymer greatly depended on the copolymer
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Figure 2. UV —vis absorption spectra of (a) BA-CA copolymer and
(b) PBA-CA copolymer films on quartz substrates.
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Figure 3. FT-IR spectra of the P6(BA50-CA) film on a KBr substrate
at various temperatures.

composition and the 7i’s linearly varied with the composition.
Because the LC temperature range of a homopolymer with PBA
groups (P6PBA) was much higher than that of P6CA, the LC
temperature of PBA-CA copolymer increased as the PBA
composition increased. These results indicate that the LC nature
of the copolymers is attributed to randomly formed H-bonded
dimers among the CA, BA, and PBA side groups.

Thin transparent copolymer films were prepared by the spin-
coating method from a THF or DMF solution. Parts a and b of
Figure 2 show the UV —vis absorption spectra of the copolymer
films on quartz substrates. For BA-CA copolymers, absorption
maxima for the BA groups (A = 262 nm) and CA groups (1 =
314 nm) were independently observed, while the absorption
band of PBA groups (4 = 295 nm) overlapped with that of the
CA groups for PBA-CA copolymer films, resulting in broad
absorption curves.

The formation of the H-bonding among the acid side groups
was detected by the FT-IR spectrum. For example, Figure 3
shows the FT-IR spectra of a P6(BA50-CA) film spin-coated
on a KBr substrate at various temperatures. A broad absorption
around 2700 and 2550 cm™!, and an absorption band at 1683
cm™! were seen at room temperature, which are ascribed to
H-bonded OH and C=O groups of acid side groups, respec-
tively. These absorption bands were observed in the LC
temperature range of the material. When the film was heated at
200 °C, the absorbances of H-bonded C=O and OH bands
decreased, but the absorbance at 3300 cm™! (free OH groups)
and 1725 cm™!' (C=0 of methacrylate and free acid groups)
increased. This means that the dissociation of the H-bonds
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Figure 4. Degree of the photoreaction (DP) of copolymer films as a
function of exposure energy. Key: (a) BA-CA copolymer films; (b)
PBA-CA copolymer films.

occurs in the isotropic temperature range. Additionally, when
the film was cooled to room temperature, the spectrum returned
to the initial one. Other copolymer films showed similar
phenomena (see Supporting Information), but thermal degrada-
tion is observed when the film was heated higher than 260 °C.

3.2. Photoreaction of Copolymer Films with LPUV
Light. Exposing a thin copolymer film to UV light leads to
photoisomerization and [2 + 2] photo-cross-linking of the C=C
bond of the CA groups.>' Parts a and b of Figure 4 plot the
degree of the photoreaction (DP) for the CA groups of the film
as a function of exposure dose, which was estimated by
measuring the decrease of the absorption intensity at 314 nm
for BA-CA copolymers and at 340 nm for PBA-CA copolymers.
After the photoreaction, films became insoluble in organic
solvents, indicating the photo-cross-linking reaction occuered.
For BA-CA copolymers, the photoreactivity in the early stage
of the photoreaction did not depend on the copolymer composi-
tion, but the photoreactivity for the larger content of BA groups
decreased when DP was greater than 30%, especially for
P6(BA95-CA), as shown in Figure 4a. This is because that the
[2 + 2] photodimerization reaction becomes difficult for
copolymers with a lower content of CA groups as the photo-
reaction proceeds. A similar tendency was observed for PBA-
CA copolymers as shown in Figure 4b.

The photoreaction of the CA groups occurred axis-selectively,
resulting in the negative optical anisotropy (AA < 0) of the
film.' Parts a and b of Figure 5 plot AA values as a function
of exposure dose where the AA values are normalized at 314
nm, and are calculated by eliminating the absorption of PBA
groups for the PBA-CA copolymers. These figures show that
the photoinduced AA values are similar to each other in the
early stage of the photoreaction, but they reach maxima when
the degree of the photoreaction is 30—50%, and further
irradiation decreases AA values due to the saturation of the
photoreaction. These results are similar to the axis-selective
photoreaction of the polymeric films comprising cinnamate

11,13-16
groups.
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Figure 5. Normalized photoinduced optical anisotropy (AA) of
copolymer films at 314 nm as a function of exposure energy. Initial
absorbance is normalized to 1.0. Key: (a) BA-CA copolymer films;
(b) PBA-CA copolymer films.

3.3. Thermal Amplification of Photoinduced Optical
Anisotropy. The photoinduced small optical anisotropy of the
copolymer films was thermally amplified to generate a uniaxially
molecular-oriented film. Parts a and b of Figures 6 show the
changes in the polarization UV—vis spectra of P6(BA50-
CA)and P6(BA75-CA) films irradiated with 10 and 12 mJ cm—2
doses of LPUV light, respectively, and subsequent annealing
at 150 °C for 10 min. In these cases, the DP was approximately
5—9 mol %. Both figures show that the annealing process
enhances the negative AA of both the BA and CA side groups
perpendicular to E of LPUV light, indicating thermally amplified
cooperative reorientation of all the H-bonded mesogenic side
groups. This is caused by the axis-selective photoreacted CA
groups parallel to E, which reduce the LC mesomorphism in
the parallel direction of the film. The subsequent annealing
process generated a thermally generated self-organization
perpendicular to E due to its stable LC mesomorphism in the
perpendicular direction.?' Thermal amplification of the photo-
induced negative optical anisotropy was observed in azobenzene-
containing LC polymers and PLCP films.'®*>~*7 The in-plane
orientational order parameter S values at 262 and 314 nm for
the P6(BA50-CA) film were amplified from —0.005 to —0.67
and —0.011 to —0.68, respectively, and the birefringence (An)
of the reoriented film was 0.128. Similar to the P6(BAS0-CA)
film, S values were amplified for the P6(BA75-CA) film.
Additionally, for both cases, the sum of the absorption of A
and Ap after annealing was greater than that after exposure,
suggesting that the H-bonded mesogenic side groups, including
the out-of-plane direction before annealing, uniaxially reorient
in the in-plane direction after the annealing procedure. The other
BA-CA copolymer films show similar thermally enhanced
molecular reorientation behavior as summarized in Table 2,
which lists the maximum thermally enhanced in-plane S values
of the copolymer films. It is noteworthy that the required degree
of the photoreaction to obtain a large negative S value was
higher when the BA content was larger. The required amount
of the photoreacted mesogenic CA groups in the total H-bonded
aromatic mesogenic groups was adjusted to be 2—5 mol % for
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the effective thermally enhanced molecular reorientation per-
pendicular to E.

Unlike the BA-CA copolymers, a large thermal cooperative
amplification of the photoinduced AA for PBA-CA copolymers
was observed only when the PBA content was less than 50 mol
%. For the P6(PBAS0-CA) film, the S value at 314 nm was
amplified from —0.009 to —0.71 as shown in Figure 6¢, and
the generated An of the reoriented film was 0.178. A similar
cooperative molecular reorientation behavior was observed for
the P6(PBA25-CA) film as summarized in Table 2. However,
thermal amplification rarely occurred when the PBA composi-
tion was 75 mol % as shown in Figure 6d. Because the
LC temperature range of P6(PBA75-CA) is higher than other
copolymers, H-bonding of the photoreacted CA groups will
dissociate and will not generate self-organization of the co-
polymer film during the annealing process. Further discussion
is described in section 3.4.

One of the features of copolymerization of the BA or PBA
groups with P6CA is the controllability of the optical birefrin-
gence of the reoriented film. Figure 7 plots the thermally
enhanced S values and the generated An at 633 nm for the
reoriented copolymer films. For BA-CA copolymer films, the
An value decreased when the BA composition increased, where
the S values of the reoriented films were similar. The An values
were verified from 0.152 to 0.095 because the inherent bire-
fringence of the BA moiety is lower than that of the CA moiety.
On the other hand, the An value of a PBA-CA copolymer film
increased as the PBA composition increased. The largest
inherent birefringence of the PBA moiety among CA, BA, and
PBA groups leads to a larger An values for the reoriented PBA-
CA copolymer films up to 0.178 (P6(PBA50-CA)). Thus,
adjusting the copolymerization ratio controls the photoinduced
birefringence of the reoriented copolymer film.

3.4. Influence of the Annealing Temperature on the
Thermal Amplification of AA. The annealing temperature
affects the efficiency of the thermal amplification of the pho-
toinduced AA of the film. Parts a and b of Figure 8 plot the
amplified S values of the BA-CA copolymer (at 314 nm) and
PBA-CA copolymer (at 314 nm) films, respectively, when the
exposed film is annealed at various temperatures. In these cases,
the degree of the photoreaction was adjusted in order to obtain
maximum negative S values at the appropriate annealing
temperature as summarized in Table 2. Figure 8a shows that
the effective amplification occurred for all the BA-CA copoly-
mer films when the annealing temperature was between 140
and 160 °C. This temperature range is 20—40 °C lower than T;
of the copolymers. The annealing procedure close to T; of the
film was inaccessible for the effective thermal amplification of
the photoinduced AA of the film due to the gradual dissociation
of the H-bonding of the mesogenic side groups, which reduced
the LC nature of the film.

In contrast, for PBA-CA copolymers the adequate annealing
temperature for the effective molecular reorientation depended
on the copolymer composition because the PBA unit increased
the LC temperature range of the material, as shown in Figure
8b. The effective annealing temperature for P6(PBA25-CA) was
175—190 °C, while that for P6(PBA50-CA) was 180—220 °C,
indicating that the annealing the exposed film in the LC
temperature up to (T;-20)°C enhances the photoinduced AA as
with the BA-CA copolymers. However, for P6(PBA75-CA),
effective thermal amplification of AA rarely occurred regardless
of temperature. This should be related to the higher content of
PBA groups, but homopolymer P6PBA has also revealed a
thermally enhanced photoinduced optical anisotropy as shown
in Figure 9, which shows that the annealing the exposed P6PBA
film at 250 °C enhanced the S value from —0.015 to —0.32. A
similar phenomenon has also been reported in a homopolymer
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Table 2. Photoinduced and Thermally Enhanced In-Plane Order (S) of Copolymer Films

S values
initial® annealed”
polymer exposure energy (mJ/cm?) DP? (%) annealing temp (°C) 262 nm 314 nm 262 nm 314 nm
P6CA 9 3 150 —0.009 —0.62
P6(BA5-CA) 8 3 150 —0.012 —0.011 —0.55 —0.60
P6(BA25-CA) 9 5 150 —0.003 —0.009 —0.59 —0.62
P6(BA50-CA) 10 5 150 —0.005 —0.011 —0.67 —0.68
P6(BA75-CA) 12 9 150 —0.003 —0.017 —0.71 —0.70
P6(BA95-CA) 30 14 165 —0.001 —0.031 —0.59 —0.45
P6(PBA25-CA) 10 6 180 —0.008 —0.65
P6(PBAS0-CA) 25 11 200 —0.009 —0.71
P6(PBA75-CA) 50 12 220 —0.007 —0.07
“ Degree of photoreaction of CA groups. ” § values after exposing. © Annealed for 10 min.
prorTrT T during molecular reorientation at 250 °C. Considering these
02
~ r results, the small amount of photoreacted CA groups and
2 0.15% remaining H-bonded CA groups in the P6(PBA75-CA) film
g8 T f D _ dissociated at elevated temperatures, and should not generate
S ok 2 thermally induced self-organization.
“§ Ei’o‘ ______ =IO - I o o3 % 3.5. Influence of the Exposure Doses for the Thermal
70051 |_’ —0.58 Amplification of AA. Sections 3.3 and 3.4 described the thermal
E ‘ | \ 1 2 enhancement of the photoinduced AA perpendicular to E in
O %5 50 T T 2 the early stage of the photoreaction. Because irradiating with

BA or PBA content (ml)l %)

Figure 7. Thermally enhanced S values (open points) and birefringence
(An) at 633 nm (closed points) when the copolymer composition is
varied. Circles: BA-CA copolymer films. Squares: PBA-CA copoly-
mers.

P6BA film where prolonged irradiation with LPUV light leads
to a certain amount of axis-selective photodegradation of the
BA mesogenic side groups, which then act as impurities to
reduce the LC nature. Moreover, the subsequent annealing
process generates molecular reorientation perpendicular to E
as with the CA containing polymeric films.** Likewise in the
P6BA film, the axis-selectively photodegraded PBA groups act
as impurities to thermally generate the molecular reorientation,
indicating that H-bonding of the PBA groups is not decomposed

LPUV light induces photo-cross-linking of the CA groups in
the copolymer film, the DP should affect the thermally amplified
molecular reorientation behavior. Parts a and b of Figure 10
plot the thermally enhanced S values for BA-CA copolymer
films at 262 and 314 nm, respectively, when the DP is varied.
The annealing temperature is 150 °C for P6(BA5-CA)—P6(BA75-
CA) and 160 °C for P6(BA95-CA). For all the BA-CA
copolymer films, cooperative molecular reorientation for both
BA (at 262 nm) and CA (at 314 nm) groups was observed, and
the maximum negative S values were obtained when the amount
of the photoreacted CA groups was around 2—5 mol % in the
total mesogenic BA and CA groups. Similarly, great molecular
reorientation perpendicular to E was observed in the early stage
of the photoreaction for P6(PBA25-CA) and P6(PBA50-CA)
films, as plotted in Figure 10c, when the annealing temperature
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Figure 8. Thermally enhanced S values of the photoreacted copolymer
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temperature range of materials. Degrees of the photoreaction are as
follows: P6(BAS-CA) (3 mol %), P6(BA25-CA) (5 mol %), P6(BA50-
CA) (7 mol %), P6(BA75-CA) (9 mol %), P6(BA95-CA) (14 mol
%), P6(PBA25-CA) (6 mol %), P6(PBA50-CA) (10 mol %), P6(PBA75-
CA) (12 mol %), and P6CA (3 mol %).
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Figure 9. UV—vis polarization spectrum of a P6PBA film before
photoirradiating, after irradiating (thin lines) with 75 Jem™2 doses, and
after subsequent annealing (thick lines) at 250 °C for 10 min. Solid
lines represent Aj, while dotted lines show Ap.

was 180 °C for P6(PBA25-CA), and 200 °C for P6(PBAS50-
CA), respectively. However, the photoinduced AA of the
P6(PBA75-CA) film (annealing temperature of 220 °C) was
rarely amplified regardless of the DP.

In contrast, a reverse amplification (S > 0) of the photoin-
duced optical anisotropy was observed for the P6CA and
P6(BA5-CA) films when the DP was around 10—14 mol %,
and the in-plane orientational order parameter, S, at 314 nm
was reversely enhanced to +0.10 to +0.14. This molecular
reorientation parallel to E was caused by the large amount of
photo-cross-linked CA side-groups fixed in parallel to E, which
acted as the photo-cross-linked anchors to thermally reorient
other mesogenic groups along them.'”'®?' However, when the
copolymer includes greater than 25 mol % of BA groups
(P6(BA25-CA) - P6(BA95-CA)), the thermally enhanced S
values are close to zero when the DP is greater than 12—20
mol %, as plotted in Figure 10, parts a and b. In these cases,
the photo-cross-linked H-bonded CA-BA groups cannot ef-
fectively induce the thermally enhanced self-organization of
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Figure 10. Thermally enhanced S values of the photoreacted copolymer
films as a function of the degree of the photoreaction. Key: (a) BA-
CA copolymer films at 262 nm, (b) BA-CA copolymer films at 314
nm, and (c) PBA-CA copolymer films at 314 nm. Annealing temper-
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for P6(BA95-CA), 180 °C for P6(PBA25-CA), 200 °C for P6(PBAS0-
CA), and 220 °C for P6(PBA75-CA).

H-bonded BA with mesogenic groups parallel to E. This is due
to the poor stabilization of LC characteristics of BA groups.

On the other hand, P6(PBA25-CA) and P6(PBAS0-CA) films
revealed molecular reorientation parallel to E when the DP was
around 19 mol % for P6(PBA25-CA), and 28 mol % for
P6(PBAS50-CA), as plotted in Figure 10c. In these cases, the
DP in the total amount of aromatic acid side groups was
approximately 13—18 mol %. The S values at 314 nm were
reversely enhanced from —0.035 to +0.13 for P6(PBA25-CA),
and from —0.036 to +0.29 for P6(PBAS0-CA), respectively.
However, regardless of the DP, P6(PBA75-CA) did not show
an effective molecular reorientation, which is due to the thermal
dissociation of the H-bonded CA groups as described in 3.4.
Because the LC mesomorphism of the H-bonded PBA me-
sogenic groups is more stable than that of BA groups due to
the biphenyl moiety in PBA, the photo-cross-linked CA-PBA
groups in P6(PBA25-CA) and P6(PBA50-CA) act as effective
photo-cross-linked anchors to thermally reorient the H-bonded
mesogenic side groups for both the PBA and CA groups. These
results suggest that the liquid crystallinity of the H-bonded
mesogenic groups plays an important role in the thermally
enhanced reorientation parallel to E, which is generated by the
photo-cross-linked anchors. Namely, the order of strength for
the thermally enhanced molecular reorientation parallel to E is
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Figure 11. (a) Order parameter (S) of the photoalignment layer of P6CA, P6(BA50-CA) and P6(PBA50-CA) films, and the LC alignment direction
in the LC cell using two corresponding photoalignment films as a function of DP of the photoalignment film. (b—d) Change in the absorbance at
314 nm of (b) P6CA, (c) P6(BA50-CA), and (d) P6(PBAS50-CA) films after exposure and after subsequent annealing, and the LC alignment
direction as a function of DP. LC alignment direction: [ is perpendicular to E, Il is parallel to E, and R is random orientation.

photo-cross-linked H-bonded PBA-CA, CA-CA, and BA-CA
mesogenic groups.

3.6. LC Alignment. We previously reported that a reoriented
P6CA film is applicable to the alignment layer for low-
molecular LCs.?' Reoriented copolymer films also show ho-
mogeneous LC alignment ability. Figure 11a plots the S values
of the reoriented P6CA, P6(BA50-CA) and P6(PBA50-CA)
films, and the LC alignment direction using two corresponding
photoalignment films as a function of the DP. When LC
molecules aligned homogeneously, the order parameter of the
dichroic dye (DB14) at 653 nm was around 0.4 in all cases,
and disclinations were not observed in the LC cell.

The LCs aligned perpendicular to E on the P6CA film, when
the DP was between 0.5—6.5 mol %. LC alignment perpen-
dicular to E was also observed for both P6(BA50-CA) and
P6(PBAS(0-CA) films when the DP was between 0.4—9.0 mol
% for P6(BA50-CA) and 0.5—21 mol % for P6(PBAS0-CA).
In these cases, H-bonded mesogenic groups of the (co)polymer
films effectively reoriented perpendicular to E. The interaction
between the LC molecules and the H-bonded mesogenic groups
in the (co)polymer film reoriented perpendicular to E induced
the LC alignment perpendicular to E, where the LC molecules
aligned along the reoriented H-bonded mesogenic groups in the
photoalignment layer.

As the DP proceeded, the alignment direction changed to
parallel to E. Several types of photoalignment layers can control
the LC alignment direction by adjusting the exposure
doses.>'®*%4% For the P6CA film, parallel LC alignment was
observed when the DP was between 6.8—9.0 mol %, although
the reorientation direction of the photoalignment layer remained
perpendicular to E. This observation is attributed to the larger
azimuthal anchoring of the photoreacted H-bonded CA-CA
groups parallel to E rather than the partially reoriented H-bonded
CA mesogenic groups perpendicular to E.?! The higher DP of
the film revealed a parallel LC alignment where the reorientation
direction of the photoalignment layer was parallel to E (the DP
is between 10—21 mol %), which is due to the strong interaction
between the LC molecules as well as the photoreacted (mainly

the photo-cross-linked) and reoriented H-bonded CA-CA groups
parallel to E. However, LCs once randomly aligned when the
DP was approximately 28—37 mol %, were aligned parallel to
E again upon further increasing the DP. In these DP ranges,
the reorientational order of the alignment film was close to zero,
but A; of the photoalignment film slightly increased after
annealing, while A decreased when observing the change in
the absorbance of the photoalignment film in detail as plotted
in Figure 11b. This means that the annealing procedure partially
generates molecular reorientation parallel to E of the P6CA
film. The large amount of the photo-cross-linked H-bonded CA-
CA groups and the small amount of molecular reorientation
parallel to E caused parallel LC alignment, but random LC
alignment also appeared when azimuthal anchoring between the
parallel and perpendicular direction of the photoalignment layer
is rivaled. Because the LC alignment is caused by the interaction
between the LC molecules and the surface of the photoalignment
layer, the amount of photoreacted H-bonded CA-CA groups and
the state of molecular orientation of the polymer surface
touching the LC molecules must be evaluated to elucidate this
unique LC alignment behavior.

In contrast, LCs exhibited a random orientation for the
P6(BAS0-CA) film when DP was between 10—17 mol %, and
the reorientational order of the alignment film was between
—0.19 and 0 as plotted in Figure 11, parts a and c. Unlike P6CA,
the interaction between the LC molecules and the photoreacted
H-bonded CA-BA groups was comparable to that between LCs
and the reoriented other mesogenic groups at this DP range.
Namely, the azimuthal anchoring energy of thephotoreacted
H-bonded CA-BA groups is smaller than that of the photoreacted
H-bonded CA-CA groups. A small anchoring energy of the
photoreacted H-bonded CA-BA groups is related to the fact that
the CA-BA copolymer films do not exhibit an effective
molecular reorientation parallel to E as described in section 3.5.
Interestingly, a parallel LC alignment was observed when the
DP was greater than 20 mol %, but the orientational order of
the copolymer film was close to zero. In this DP range, A; of
the photoalignment film slightly increased after annealing, while
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Ap decreased as plotted in Figure 1lc, due to the partial
reorientation of the H-bonded CA-BA mesogenic groups which
is caused by the large amount of the photo-cross-linked
H-bonded CA-BA groups parallel to E and results in the parallel
LC alignment similar to the P6CA film with a higher DP range.

For the P6(PBA50-CA) film, the LC alignment direction was
consistent with the reorientational direction of the photoalign-
ment film, as plotted in Figure 11, parts a and d, implying that
the LC alignment direction is controlled by the reorientation
direction of the H-bonded PBA and CA groups when the
interaction between the LC molecules and the biphenyl groups
in the H-bonded PBA moiety is larger than that of CA or BA
groups due to the stable LC mesomorphism of P6(PBA50-CA).
Additionally, a uniform LC alignment was not observed when
the DP was greater than 55 mol %, and the molecular
reorientation barely occurred as plotted in Figure 11d. The
molecular motion of the PBA moiety cannot occur at elevated
temperatures when the film exhibits a higher degree of the
photo-cross-linked structure. Thus, the LC alignment direction
is controlled for the molecular reorientation and the molecular
structure of the photoalignment film, and these matters will
influence the anchoring energy of the photoalignment layer. A
quantitative investigation of the azimuthal anchoring energy of
the photoalignment (co)polymer films is in progress.

4. Conclusion

Polymethacrylate liquid crystalline copolymers, which have
a hexamethylene spacer group terminated with CA, BA, or PBA
in the side chain were synthesized and characterized. All the
synthesized copolymers exhibited nematic LC mesomorphism
due to H-bonding among the aromatic acid side groups.
Irradiating a thin film with LPUV light generated a small
photoinduced optical anisotropy based on the axis-selective
photoreaction of the H-bonded dimers containing the CA moiety.
Subsequent annealing in the LC temperature range of the
copolymer films induced a cooperative molecular reorientation
for all the H-bonded mesogenic groups perpendicular to E of
LPUYV light where the required exposure energy was 8—30 mJ
cm™? with an orientational order of greater than 0.6. Adjusting
the copolymer composition controlled the generated birefrin-
gence from 0.095 to 0.152 for BA-CA copolymers, and from
0.152t0 0.178 for PBA-CA copolymers. Additionally, molecular
reorientation parallel to E was also achieved for CA homopoly-
mer and CA-PBA copolymer films, while BA-CA copolymer
films with BA composition greater than 25 mol % did not show
parallel reorientation. The difference in the photoreacted
products and the liquid crystalline characteristcs among the
H-bonded CA, BA, and PBA groups played an important role
in the thermally enhanced reorientation parallel to E. Further-
more, controlling the uniaxial alignment direction of low-
molecular LC on oriented copolymer films was achieved. It was
clarified that the molecular reoriented structure of the (co)poly-
mer film determined the LC alignment direction, while the
interaction between the low-molecular LC and the photoreacted
H-bonded mesogenic groups as well as the molecular reoriented
structure influenced the LC alignment direction parallel to E.
We anticipate that the reoriented (co)polymer films will be useful
not only for birefringent films in LCDs, but also for the
photoalignment layers in uniaxial and patterned LC orientations.
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