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Photoinduced reorientation of liquid crystalline polymethacrylates comprised of various lengths of
alkylene spacers terminated with 4-oxycinnamic acid in the side chain and low-molecular liquid crystal
(LC) alignment on the resultant photoreacted films were investigated using linearly polarized UV light. As
the length of the spacer increased, the photoinduced optical anisotropy (DA) of the thin films increased,
and DA increased as the irradiating temperature increased. Exposing the polymeric films in the LC
temperature range of the material generated an in-plane molecular reorientation because the small
photoinduced DA was simultaneously amplified. The low-molecular LCs aligned homogeneously on the
photoreacted polymeric films, but the LC alignment direction depended on the alkylene spacer length
and the degree of the photoreaction.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Irradiating photoreactive polymeric films, including azo-
benzene-containing polymers and photo-cross-linkable polymers
comprised of cinnamate or coumarin moieties, with linearly
polarized (LP) light induces optical anisotropy (DA) due to a polar-
ization-axis-selective photoreaction [1,2]. A large DA is generated
when a molecular reorientation is accompanied by an axis-selec-
tive photoreaction [3–7]. Numerous studies have investigated the
photoinduced molecular reorientation of azobenzene-containing
polymers based on an axis-selective trans-cis-trans photo-
isomerization of azobenzene molecules in both liquid crystalline
(LC) and non-LC polymers, which are applicable to reversible
optical memory and holographic devices [3,5–7]. For photo-cross-
linkable polymeric films, exposure to LP ultraviolet (LPUV) light
induces a small photoinduced DA due to axis-selective photo-cross-
linking [2,4]. In addition, molecular reorientation can be thermally
enhanced when the material exhibits LC characteristics [4,8–10].
These reoriented films are useful for the passive optical devices
such as birefringent films and write-once optical and holographic
memories because the reoriented structure is stabilized by the
photo-cross-linking.
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The photoinduced molecular reorientation is affected by the
alkylene spacer length, which is covalently connected between
the photosensitive side groups and polymer main chain to ease the
molecular motion of the side groups. Several studies on the
photoinduced molecular reorientation of azobenzene-containing
polymeric films with different spacer lengths have been reported
[11–14], and out-of-plane reorientation and in-plane reorientation
have been observed with long alkylene spacers. For a photo-cross-
linkable polymer system, we conducted systematic studies on the
thermally enhanced molecular reorientation of polymethacrylates
terminated with mesogenic cinnamate side groups, and investi-
gated the influence of the alkylene spacer length between the
methacrylate backbone and the photoreactive mesogenic side
groups on the thermally enhanced photoinduced reorientation
behavior [15,16]. Although the films have similar photoinduced
DA’s regardless of the spacer length, the spacer length influences
the thermally induced molecular reorientation direction. Recently,
we have reported a new photo-addressable LC polymer system
based on H-bonded photo-cross-linkable mesogenic side groups;
a polymethacrylate comprised of a hexamethylene spacer group
terminated with a 4-oxycinnamic acid (CA) in its side chain (P6)
exhibits a large photoinduced molecular reorientation [17]. Due to
the H-bonded CA groups, the polymer displays a nematic LC
property and high photoreactivity. However, the influences of the
alkylene spacer length between the polymethacrylate backbone
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Table 1
Molecular weight and thermal property of the synthesized polymers.

Polymer m n Molecular weight (g/mol)a Thermal propertyb (�C)

Mn� 10-4 Mw/Mn

0CAM – 0 – – C 170 N 190 I
2CAM 2 1 – – C 152 N 168 I
6CAM 6 1 – – C 118 N 127 I
8CAM 8 1 – – C 92 N 125 I
12CAM 12 1 – – C 90 N 125 I
P0 – 0 2.3 3.9 G 305 N (decomposed)
P2 2 1 1.2 3.6 G 170 N 220 I
P6 6 1 3.3 3.5 G 135 N 185 I
P8 8 1 2.8 3.9 G 140 N 189 I
P12 12 1 3.6 4.2 G 120 N 189 I

a Molecular weight was determined using the methyl ester of the polymer.
Measured with GPC, chloroform eluent, polystyrene standards.

b C: crystalline, G: glass, N: nematic, I: isotropic. Determined by DSC and POM.
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and the CA side groups on the photoinduced DA have yet to be
explored.

An important application of anisotropically photoreacted films
is a photoalignment film for low-molecular LCs [18–21]. Many
photoreactive polymers have been utilized for LC photoalignment
layers, and the LC alignment direction in several LC photoalignment
materials can be controlled by adjusting the exposure doses, which
offers easy patterning of the LC alignment [22–24]. Previously, we
have reported that photoreacted P6 film shows uniform low-
molecular LC alignment control both perpendicular and parallel to
the polarization (E) of LPUV light, depending on the exposure doses
[17,25]. Since the uniform LC alignment is determined by the
interaction between the LC molecules and the photoalignment
layer, the alkylene spacer length should affect the LC alignment
behavior.

Hence, the purposes of this paper are to investigate the influ-
ence of the alkylene spacer length on the photoinduced molecular
reorientation behavior of polymethacrylate comprised of an
alkylene spacer group terminated with CA moiety and to
demonstrate low-molecular LC alignment on the resultant pho-
toreacted films. Due to the H-bonded CA side groups, all the
polymers exhibited nematic LC characteristics, and irradiating
with LPUV light generated optically anisotropic films. Both
molecular reorientation and LC alignment greatly depended on
the alkylene spacer length.

2. Experimental

2.1. Materials

All starting materials were used as received from Tokyo Kasei
Chemicals. Fig. 1 shows the synthetic route for the polymers.
Methacrylate monomers and the corresponding polymers were
synthesized using a procedure similar to that used to synthesize P6
[17]. Characterization of the P0, P2, P8, P10, and P12 and corre-
sponding monomers are summarized in the Supporting informa-
tion. Table 1 summarizes the thermal property of the monomers,
molecular weight, as well as the thermal and spectroscopic prop-
erties of the polymers.
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Fig. 1. Synthesis and chemical structure of P0–P12 used in this study.
2.2. Photoreaction

Thin polymeric films, which were approximately 0.2 mm thick,
were prepared by spin-coating a tetrahydrofuran (THF) solution of
polymers (1.0 w/w%) onto quartz or KBr substrates. 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 mWcm�2 at 365 nm.
The degree of the photoreaction was estimated by monitoring the
decrease in absorbance at 314 nm using UV spectroscopy.

2.3. Characterization

1H NMR spectra using a Bruker DRX-500 FT-NMR and FTIR
spectra (JASCO FTIR-410) confirmed the monomers and polymers.
The molecular weight of the copolymer was measured after
modifying the aromatic acid groups to the methyl ester by GPC
(Tosoh HLC-8020 GPC system with Tosoh TSKgel column; eluent,
chloroform) calibrated using polystyrene standards [25]. The
thermal properties were examined using a polarization optical
microscope (POM; Olympus BHA-P) equipped with a Linkam
TH600PM heating and cooling stage and differential scanning
calorimetry (DSC; Seiko-I SSC5200H) at a heating and cooling rate
of 10 �C min�1. The polarization absorption spectra were measured
with a Hitachi U-3010 spectrometer equipped with Glan–Taylor
polarization prisms. 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, DA, which is expressed as
Eq. (1), was evaluated using the polarization absorption spectra,

DA ¼ Ak � At (1)

where Ak and At are the absorbances parallel and perpendicular to
E, respectively. The absorbances were normalized using the one at
314 nm for the initial state. The in-plane order parameter, S, and the
out-of-plane order parameter, Sh, are expressed in the form of Eqs.
(2) and (3), respectively;

S ¼
Ak � At

AðlargeÞ þ 2AðsmallÞ
(2)

Sh ¼ 1�
AðannealedÞ
AðirradiatedÞ

(3)

where Ak and At are the absorbances parallel and perpendicular to
E, respectively, and A(large) is the larger value of Ak and At, and
A(small) is the smaller one. Aannealed and Airradiated are the average
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Fig. 2. UV absorption spectra of P0–P12 (a) in THF solution and (b) films on quartz substrates.
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absorbances of Ak and At from the annealed film and the initial
irradiated film, respectively. Additionally, this equation appropri-
ately expresses the orientation order of the mesogenic groups in
both directions.

2.4. Low-molecular LC alignment

A parallel LC cell was fabricated using two LPUV photoreacted
polymeric films to evaluate the LC alignment behavior. The cell
(12.5-mm thick) was filled with a nematic LC mixture (ZLI4792:
Merck Japan, Ti¼ 102 �C) doped with 0.1 wt% of disperse blue 14
(Aldrich Co.) at 110 �C and then was slowly cooled. The homoge-
neous LC alignment direction and the orientational 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 properties
of the polymers

Polymethacrylates with CA side groups were synthesized by
solution radical polymerization from the corresponding
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Fig. 3. FTIR spectra of P0, P2 and P8 films on CaF2 substrates. Specific absorption bands
are pointed with dotted lines.
monomers. All synthesized polymers were soluble in THF and DMF,
but were insoluble in toluene and chloroform. Table 1 summarizes
the molecular weights and thermal properties. All the monomers
and polymers exhibited a nematic LC phase because the cinnamic
acid side groups formed mesogenic H-bonded dimers [17,26–28].
P0 revealed a LC phase in the high temperature range, which was
accompanied by thermal decomposition. P6, P8, and P12 showed
a nematic LC phase in a similar temperature range, whereas P2 had
a higher LC temperature range.

Fig. 2a and b shows the UV absorption spectra of the polymers in
THF solutions and films on quartz substrates, respectively. P2, P6,
P8, and P12 had similar absorption spectra, but P0 absorbed at
a shorter wavelength because CA was directly attached to the
polymethacrylate main chain. In the films, the absorption maxima
were red shifted due to the H-bonded structure of the CA side
groups and partial aggregation. This red shift was smaller for the P2
film than that for the P6, P8, and P12 films. P2 formed fewer H-
bonded side groups as the solvent evaporated due to its short
alkylene spacer.

IR spectroscopy was used to evaluate H-bonded formation, and
Fig. 3 shows the FT-IR spectra of P0, P2, and P8 films on CaF2

substrates. The IR spectra of the P6 and P12 films were similar to
P8. For P2 and P8, the C]O stretching band of the poly-
methacrylate main chain was observed at 1725 cm�1, but was at
1750 cm�1 for P0 because methacrylate was directly attached to
a phenyl group. For all the films, H-bonded C]O stretching of the
CA groups was at 1685 cm�1, but this absorption band for the P0
and P2 films was broader and weaker than that of P8. Additionally,
when the P2 and P8 film was heated at 220 �C and 200 �C (isotropic
temperature ranges), respectively, the absorbance of H-bonded
C]O decreased and the absorbance around 1725 cm�1 increased
due to the dissociation of the H-bondings. When the films were
cooled to room temperature, the spectrum returned to the initial
one for P8, while the absorption at 1685 cm�1 became sharper for
P2, indicating the strong H-bond formation after heating (see
Supporting information).

3.2. Photoreaction of the polymeric films with LPUV light

Polymeric films comprised of cinnamate or cinnamic acid
groups photoreacted with LPUV light to induce films with a nega-
tive optical anisotropy (DA< 0) due to the axis-selective photore-
action [2,4]. Fig. 4a and b plots the degree of the photoreaction (DP)
of P0–P12 films at room temperature and the resultant photoin-
duced DA values as a function of exposure doses, respectively. The
P2–P12 films had similar photoreactivities, but that of P0 was
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slightly slower. Despite similar photoreactivities, polymers with
longer alkylene spacers generated larger DA values (Fig. 4b).

The axis-selective photoreaction was estimated by the polari-
zation FTIR spectra. Fig. 5a and b shows the polarization FTIR
spectra of P2 and P8 films when the DP was 28 mol%, respectively.
For both films, negative DA’s at 1685 cm�1, 1635 cm�1 (C]C
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stretching of CA), and 1600 cm�1 (Ph-ring) were observed. The DA’s
of these absorption bands in the P8 film were greater than that of
P2. Additionally, because DA at 1725 cm�1 (C]O stretching of
polymethacrylate) was negligible, the polymethacrylate main chain
did not reorient upon the photoreaction. These results imply that in
addition to the axis-selective photoreaction, a small photoinduced
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k line) and after irradiating (red lines) for 600 mJ cm�2 at 25 �C. Ak and At are the solid
d 2200 cm�1. [For interpretation of the references to colour in this figure legend, the
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molecular reorientation occurs when the alkylene spacer is long.
The photoinduced molecular reorientation upon irradiating with LP
light has been observed in azobenzene-containing polymeric films
due to the axis-selective trans-cis-trans photoisomerization [3].
Similar phenomena will occur in CA containing polymers, but the
contribution of this photoisomerization on the molecular reor-
ientation was not evaluated because the photo-cross-linking reac-
tion simultaneously occurred.

The molecular reorientation upon irradiating with LPUV light
was directly estimated using the polarized UV absorption spectra at
the early stage of the photoreaction. Fig. 6a plots the changes in the
UV spectra of the P8 film when the film was irradiated with
3 mJ cm�2 doses (DP< 1 mol%) at 70 �C, and reveals a small
increase in the absorbance in the perpendicular direction after
irradiating, suggesting a small molecular reorientation perpendic-
ular to E. Further exposure showed an increase in DA, but the
absorbances in both the parallel and perpendicular directions
decreased because the [2þ 2] photodimerization reaction reduced
the absorbances as shown in Fig. 6b. The P6 and P12 films also had
a slight increase in the absorbances in the perpendicular direction
at the early stage of the photoreaction, but P0 and P2 did not,
indicating that molecular reorientation upon irradiating with LPUV
light depends on the alkylene spacer length. Namely, a longer
alkylene spacer increases the mobility of the photoinduced
molecular reorientation.
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Fig. 7a and b plots the maximum photoinduced DA values and
the required exposure energy at the maximum absolute DA as
a function of irradiation temperature, respectively. For P0, the
photoinduced DA values were less than 0.11 regardless of the irra-
diation temperature due to its high Tg, but the other polymers were
temperature dependent. In the lower irradiation temperature range
(T< Tg, inset of Fig. 7a), DA was greater for longer alkylene spacers,
and the photoinduced DA values slightly increased as the temper-
ature increased when the required exposure energy was greater
than 100 mJ cm�1 (DP> 20 mol%) (Fig. 7b). In these cases, the
absorbances in both the perpendicular and parallel directions were
smaller than that of the initial ones, indicating that the photoin-
duced DA is mainly generated by the axis-selective photoreaction of
the CA groups as well as the small amount of the photoinduced
molecular reorientation as described above. The increased mobility
of the side groups for longer spacers and higher exposure
temperatures resulted in a slight increase in the photoinduced
molecular reorientation.

In contrast, when the irradiation temperature was in the LC
temperature range of the polymer, larger maximum DA values were
obtained with lower exposure energies (DP< 10 mol%, as shown in
Fig. 7b). Additionally, the absorbance in the perpendicular direction
greatly increased, suggesting that a large molecular reorientation
perpendicular to E; molecular reorientation is the main reason for
this large DA. Thermal amplification of the photoinduced DA has
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Table 2
Photoinduced and thermally enhanced in-plane order (S) and out-of-plane order
(Sh) of the polymeric films.
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also been observed in other types of photo-cross-linkable LC
polymers [4,8–10] and azobenzene-containing LC-polymers
[3,29,30] when the films are exposed in the LC temperature range
of the materials. Namely, a small photoinduced optical anisotropy
was simultaneously enhanced due to the LC property of the
mesogenic H-bonded CA side groups. Additionally, molecular
reorientation of the mesogenic side groups followed the reor-
ientation of the main chain.

Fig. 8a and b shows the polarization FTIR spectra of the P2 and
P8 films before and after irradiating with LPUV light for 10 mJ cm�2

at 190 �C and 160 �C, respectively. In both cases, negative DA’s at
2800–2500 cm�1, 1685 cm�1, 1635 cm�1, and 1600 cm�1 were
observed, while DA at 1725 cm�1 became positive, suggesting that
molecular reorientation of the side groups is accompanied by the
reorientation of the methacrylate main chain parallel to E of LPUV
light.
Polymer Exposure energy
(mJ/cm2)

DPa (%) Annealing
temp. (�C)

S Sh

Initialb Annealed c

P2 10 3.3 190 �0.010 �0.35 �0.077
P6 10 3.7 160 �0.012 �0.63 �0.108
P8 10 3.9 160 �0.012 �0.70 �0.149
P12 10 3.6 160 �0.013 �0.59 �0.113

a Degree of photoreaction.
b S values after exposure.
c Annealed for 10 min.
3.3. Thermal enhancement of the photoinduced optical anisotropy

Except for P0, the photoinduced optical anisotropy of the
polymeric films at the early stage of the photoreaction at r.t. was
thermally amplified to generate a uniaxially molecular-oriented
film, but the orientational order depended on the alkylene spacer
length. Table 2 summarizes the photoinduced and thermally
enhanced in-plane order (S) values of the polymeric films. Fig. 9a
and b shows the changes in the polarization UV–vis spectra of
P2 and P8 films irradiated with 10 mJ cm�2 doses of LPUV light at
r.t., and subsequent annealing at 190 �C for P2 and 160 �C for P8,
respectively. Although the maximum reorientation order was
greater than�0.6 for the P6 and P8 films, the enhanced S values for
P2 and P12 were small. Additionally, the reoriented films were
thermally stable up to (Ti-20)�C of the material. A short alkylene
spacer restricts the mobility of the side groups, but a longer alky-
lene spacer also inhibits the effective molecular reorientation. This
tendency is similar to the case of the photoinduced DA values when
the irradiating temperature is varied (Fig. 7). Although polymeric
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films with long alkylene spacers often display thermally induced
out-of-plane reorientation [11–13], thermally induced out-of-plane
reorientation was not generated regardless of the spacer length
because the Sh values was lower than zero (Table 2).

Furthermore, the influence of the DP on the thermally enhanced
molecular reorientation behavior was evaluated. Fig. 10 plots the
photoinduced and thermally enhanced DA values as a function of
the DP. The maximum thermally enhanced reorientation perpen-
dicular to E of LPUV light was obtained when the DP was 2–6 mol%.
In contrast, the molecular reorientation direction reversed, and
became parallel to E of LPUV light (DA> 0) when the DP was
around 12 mol% because the [2þ 2] photo-cycloaddition products
parallel to E of LPUV light acted as photo-cross-linked anchors for
the molecular reorientation parallel to E of LPUV light [8–10,17].
The generated positive DA values were up toþ0.33 for P6,þ0.31 for
P8 and þ0.15 for P12, while the thermally enhanced DA values for
P2 were less than þ0.01 due to molecular mobility restrictions. As
the DP further increased, the DA values after annealing decreased;
the DA values after annealing remained slightly positive for the P2
films, but those for P6, P8, and P12 became negative again and
approached the initial value after irradiating, especially for P12.
-1.5

-1

-0.5

0

0.5

0 10 20 30 40 50 60 70 80

P2

P6

P8

P12

2 A

Degree of photoreaction (mol%)

Fig. 10. Photoinduced and thermally enhanced DA values at 314 nm of P2–P12 films as
a function of DP. Open points are DA after exposure and closed points are after
subsequent annealing. P2: Annealed at 190 �C, P6–P12: Annealed at 160 �C.
This indicates that many of the photoreacted products still act as
photo-cross-linked anchors when the length of the alkylene spacer
is short, and the reorientational ability parallel to E is lower when
the alkylene spacer is long.
3.4. LC alignment

The reoriented polymeric films were applicable to the alignment
layer for low-molecular LCs. We have previously demonstrated that
a P6 film exhibits uniaxial LC alignment ability where the LC
alignment direction greatly depends on the DP [17,25]. Fig. 11
shows the LC alignment direction using two corresponding P2, P6,
P8, and P12 photoalignment films as a function of the DP. When LC
molecules were 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.

For P6, P8, and P12, when the DP was between 1 and 7 mol%,
which is where the H-bonded mesogenic groups of the polymeric
films effectively reoriented perpendicular to E of LPUV light, the LCs
aligned perpendicular to E. In these cases, the interaction between
the LC molecules and the effectively reoriented H-bonded meso-
genic groups perpendicular to E induced LC alignment along them
[17]. For P2, LCs aligned perpendicular to E when the DP was
between 1 and 3 mol%, but LCs randomly aligned when the DP was
3–13 mol%. In this case, azimuthal anchoring between the partially
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Fig. 11. LC alignment direction in the LC cell using two corresponding photoaligning
films as a function of DP. t: LC alignment perpendicular to E of LPUV light. k: LC
alignment parallel to E of LPUV light. R: random LC alignment.
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reoriented H-bonded mesogenic groups perpendicular to E and the
photoreacted products parallel to E were comparable, which
generated random LC alignment, although the molecular reor-
iented direction was perpendicular to E.

As the DP proceeded, the alignment direction changed and
became parallel to E in all cases. This parallel LC alignment was
observed when the DP was between 7 and 9 mol% for P6, P8, and
P12, but 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 side
groups parallel to E rather than the partially reoriented H-bonded
CA side groups perpendicular to E [17]. As the DP further increased
(the DP is w27 mol% for P6, w18 mol% for P8 and P12), a parallel LC
alignment occurred when the reorientation direction of the pho-
toalignment layer was parallel to E due to the strong interaction
between the LC molecules as well as the

However, LCs, which randomly aligned for P6 when the DP
was approximately 28–37 mol%, aligned parallel to E upon
further increasing the DP. In contrast, for P8 and P12, LCs
initially aligned perpendicular to E when the DP was greater
than 18 mol%, and aligned parallel to E again upon further
increasing the DP (DP> 45 mol% for P8 and DP> 55 mol% for
P12), similar to P6. Unlike these polymers, the LC alignment
direction on the P2 films was parallel to E when the DP was
greater than 13 mol%.

For all the polymeric films in these DP ranges, molecular
reorientation did not dominate. The high content of the photo-
cross-linked H-bonded CA–CA groups and the small amount
of molecular reorientation parallel to E caused parallel LC align-
ment, but for P6, a random LC alignment also appeared when
azimuthal anchorings between the parallel and perpendicular
directions of the photoalignment layer were competing.
However, for P8 and P12, azimuthal anchoring perpendicular to E
was larger and there was an insufficient amount of photo-cross-
linked H-bonded CA–CA groups. Namely, the long alkylene
spacers reduced the azimuthal anchoring of the photo-cross-
linked CA–CA side groups parallel to E. Therefore, perpendicular
LC alignment was observed in P8 and P12 films, while random
and parallel LC alignments were detected in P6. In all the case,
greater amount of photoproducts generated the parallel LC
alignment. These results agree with the findings that molecular
reorientation of the polymeric films is more difficult in the high
DP range as the alkylene spacer length increased (Section 3.3).

4. Conclusion

The influence of the alkylene spacer length on the photoinduced
molecular reorientation of liquid crystalline polymethacrylates
comprised of various lengths of alkylene spacers terminated with
4-oxycinnamic acid in the side chain as well as LC alignment on the
resultant films was investigated. A longer alkylene spacer resulted
in a greater photoinduced optical anisotropy. Except for P0, thermal
amplification of the photoinduced DA was generated in the early
stage of the photoreaction. All polymeric films produced a homo-
geneous LC alignment, which could control the alignment direction
by adjusting the exposure doses. These reoriented films should be
applicable to birefringent films as well as the LC alignment layer for
liquid crystal displays.
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