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The cooperative molecular reorientation in methacrylate copolymer films with hexamethylene spacer groups terminated with

photoreactive hydrogen (H) bonded 4-oxycinnamic acid (CA) and photoinactive 4-oxy-40-methoxybiphenyl (MB) in their

side chains was investigated by irradiating with linearly polarized ultraviolet light (LPUV) and subsequent annealing. A

thermally enhanced cooperative in-plane orientation of both CA and MB side groups perpendicular to the polarization (E) of

LPUV light was obtained when the annealing temperature was in the liquid crystalline temperature range of both mesogenic

side group. On the other hand, thermal enhancement of the in-plane molecular reorientation did not occur when the annealing

temperature was out of the LC temperature range of the MB. It was clarified that the amount of axis-selectively photoreacted

H-bonded CA groups and the LC mesomorphism of the copolymer film play an important role in the thermally enhanced

cooperative molecular reorientation.
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The photo-control of molecular orientation in polymeric

films that causes a large optical anisotropy of the film can be

applicable to birefringent optical devices, the photoalignment

layer of liquid crystal displays, optical memories, and holo-

graphic data storage devices.1–3 It is well known that the

irradiating with linearly polarized (LP) light easily creates a

small optical anisotropy in a photoreactive film based on an

axis-selective photoreaction, and a large optical anisotropy is

obtained when the axis-selective photoreaction is accompanied

by a molecular reorientation.3–5 Various types of azobenzene-

containing polymeric materials and photo-cross-linkable poly-

mer liquid crystalline (PPLC) materials containing cinnamate

groups have been reported to achieve highly molecular

reoriented films.3–7 Cooperative photoinduced molecular reor-

ientation is also investigated by the copolymerization with

comonomers comprised of non-photoreactive mesogenic side

groups.8–11 The functionality of the reoriented films is derived

from the cooperative reorientation, while the controllability of

the molecular reorientation behavior is due to tuning of the

comonomer.

During the course of our systematic study on PPLCs that

show a photoinduced molecular orientation, we have found that

a polymethacrylate comprised of a hexamethylene spacer

group terminated with a 4-oxycinnamic acid (CA) in its side

chain (P6CA) reveals a large photoinduced molecular reor-

ientation with a high photoreactivity towards LPUV light.12 A

LC mesomorphism P6CA is caused by the hydrogen (H)

bonded dimers of CA side groups.12–15 Furthermore, meth-

acrylate copolymers having CA and 4-oxybenzoic acid (BA)

side groups show the similar LC mesomorphism to P6CA with

wide range of the copolymerization ratio due to the randomly-

formed CA-CA, BA-BA, and CA-BA H-bonded mesogenic

structures, and the cooperative photoinduced molecular reor-

ientation is achieved to demonstrate a controllability of the

photoinduced birefringence of the film by tuning the copolymer

composition.16 However, a methacrylate monomer with CA

side groups has not be copolymerized with comonomers

comprised of non-H-bonded mesogenic side groups so far,

which can expand the functionality of the P6CA-based LC

polymers when the cooperative molecular reorientation is

generated. In this paper, we synthesized methacrylate copoly-

mers that contain CA and 4-oxy-40-methoxybiphenyl (MB)

side groups, which reveal LC mesomorphism without H-bonds.

The influence of the copolymerization ratio on the thermal

properties and the photoinduced molecular reorientation be-

havior of the copolymer films were investigated by polarization

UV spectroscopy.

EXPERIMENTAL

Materials

Figure 1 shows chemical structure of (co)polymers P1a–

P1e used in this study. Methacrylate monomers with CA and

MB side groups were synthesized according to the litera-

tures.12,17 Copolymers were synthesized by a radical polymer-

ization in THF solution using AIBN as an initiator. Adjusting

the monomer feed ratio controlled copolymer composition.

Table I summarizes composition, molecular weight, and

thermal property of copolymers.

Characterization

Thermal properties were examined using a polarization
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optical microscope (POM) and a differential scanning calo-

rimetry (DSC) analyzer. Polarization UV-vis spectra were

measured using a spectrometer equipped with Glan-Taylor

polarizing prisms. The in-plane order parameter, S, is expressed

in the form of eq 1;

S ¼
Ak � A?

AðlargeÞ þ 2AðsmallÞ
; ð1Þ

where Ak and A? are the absorbances parallel and perpendic-

ular to E, respectively, and AðlargeÞ is the larger value of Ak and

A?, and AðsmallÞ is the smaller one.10 S was calculated by

polarized UV-vis spectroscopy using wavelengths of 270 nm

(MB groups) and 314 nm (CA groups). Birefringence of the

reoriented films was measured by the Senarmont method at

633 nm.

Photoreaction

Thin films were prepared by spin-coating a THF solution of

copolymers (1.4wt/wt-%) onto a quartz substrate. The film

thickness was approximately 0.2 mm. The film was irradiated

by light from a 250W high-pressure Hg-UV lamp that was

passed through Glan-Taylor polarizing prisms with a cut-off

filter below 290 nm. The light intensity was 10mW/cm2 at

365 nm. Degree of the photoreaction (DP) was estimated by

monitoring an absorption band at 314 nm (CA groups) of the

UV spectra. For the thermally enhanced molecular reorienta-

tion, the irradiated film was annealed at elevated temperatures

for 10min. The generated optical anisotropy of the film was

measured by polarizing microscopy and polarization UV-vis

spectroscopy.

RESULTS AND DISCUSSION

Thermal and Spectroscopic Properties of Copolymers

All copolymers shown in Figure 1 were synthesized by free

radical copolymerization. Adjusting the feed ratio of the two

methacrylate monomers controlled the copolymerization ratio.

Table I summarizes the molecular weights of synthesized

(co)polymers. Figure 2a and 2b show the UV-vis absorption

spectra of the (co)polymer in THF solution and thin films on

quartz substrates. They reveal two absorption maxima, 270 nm

and around 314 nm, which correspond to the absorption bands

of the MB and CA groups, respectively.

All synthesized (co)polymers show LC phase under the

POM observation. Figure 3 shows the DSC scan of the

(co)polymers. The copolymerization of the comonomer with

MB side groups lowered the clearing point (Ti) due to the

lower Ti of homopolymer P1e, indicating a random copoly-

merization of two monomers. Although the homopolymers

(P1a and P1e) showed one nematic LC phase under POM

observation and DSC scan, the DSC scan for copolymers

(P1b–P1d) exhibited two endothermic peaks as shown in

Figure 3. POM observation for these copolymers revealed that

there were not specific differences between these temperature

ranges. This means that the copolymers revealed two types of

LC phases as summarized in Table I; the lower LC temperature

range (LC1) was due to both the H-bonded CA groups and the

MB mesogenic groups. The disassociation of the LC character-

istics of the MB side groups occurred in the higher LC

temperature range (LC2), where a sufficient amount of the

H-bonded CA side groups was still available to exhibit the

Table I. Composition, molecular weight, and thermal properties
of (co)polymers

Polymer xa) Mw � 10�4 b) Mw=Mn Thermal propertyc) (�C)

P1a 100 3.9 1.5 G 135 N 187 I

P1b 75 4.6 1.6 G 124 LC1 155 LC2 165 I

P1c 50 6.0 2.0 G 102 LC1 140 LC2 147 I

P1d 25 10.5 2.3 G 81 LC1 118 LC2 135 I

P1e 0 5.5 2.5 K 117 S 138 I

a) Determined by 1H NMR. b) Measured by GPC with polystyrene
standards. c) Determined by DSC and POM. K: crystalline, G: glassy, N:
nematic, S: smectic, LC1: LC phase with MB and H-bonded CA groups,
LC2: LC phase with H-bonded CA groups, I: isotropic.
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Figure 2. UV-vis absorption spectra of copolymer (a) in THF solution, and
(b) films on quartz substrates.
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Figure 1. Chemical structure of copolymer used in this study.
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Figure 3. DSC second heating curves of copolymers.
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nematic LC phase of the material. Namely, both mesogenic

groups independently showed LC mesomorphism. Detailed LC

phases should be determined by XRD analysis. Similar thermal

properties were observed in LC copolymers comprised of H-

bonded benzoic acid side groups and non-H-bonded mesogenic

side groups.18

Axis-selective Photoreaction of Copolymer Films

Irradiating a copolymer film with LPUV light induced an

axis-selective [2+2] photodimerization and a photoisomeriza-

tion reaction of the CA groups. All copolymer films became

insoluble after exposure, indicating the photo-cross-linking.

Figure 4a plots degree of the photoreaction (DP) of the CA

groups as a function of exposure energy. It reveals that the rates

of the photoreaction decreased when the content of MB groups

increased. This is because that the [2+2] photodimerization

reaction becomes difficult when the content of CA groups

decreased due to the increased distance between two cinnamic

acids.16 Because the photoreaction of CA groups in the

direction parallel to E of LPUV light is faster than that

perpendicular to E, a small negative optical anisotropy

(�A ¼ Ak � A? < 0) of the film is generated after the photo-

reaction.12 Figure 4b plots the photoinduced �A at 314 nm,

where the absorbance of the initial film was normalized one, as

a function of DP. Because the molecular reorientation in the

copolymer films rarely occurred during the exposure, �A

values were similar to each other, and maximum �As were

obtained when the DP was approximately 30–50mol% for all

the films.

Thermal Amplification of Photoinduced Optical Anisotropy

We have previously reported that a small photoinduced �A

of a P1a film was thermally amplified perpendicular to E of

LPUV light by annealing the exposed film in the LC temper-

ature range when the DP was around 2–4mol%, and the

efficient molecular reorientation was obtained when the

annealing temperature was close to the clearing point of the

material.12 For the copolymers P1b–P1d, thermal amplification

of the negative photoinduced optical anisotropy was observed,

but its behavior differed from that of P1a.

Figure 5a–5c show the UV-vis polarization spectra of

copolymer films before photoirradiating, after irradiating, and

after subsequent annealing at the N1 temperature range of the

copolymers. The annealing temperatures were 140 �C for P1b,

130 �C for P1c, and 115 �C for P1d. The DP of the films was

approximately 2–5mol%. After the LPUV photoreaction, a

small negative �A was observed around 314 nm due to the

axis-selective photoreaction of the H-bonded CA groups. For

all the copolymer films, the annealing process enhanced the

negative �A and generated the cooperative molecular reor-

ientation for both the H-bonded CA and MB side groups

perpendicular to E of LPUV light. The enhanced S values at

270 nm and at 314 nm were �0:62 and �0:65 for P1b, �0:52

and �0:53 for P1c, and �0:48 and �0:43 for P1d, respec-

tively. This means that a small amount of the photoreacted CA

groups initiated the thermally amplified cooperative molecular

reorientation for both CA and BA side groups. The annealing

procedure generates the self-organization of all the LC

mesogenic groups in a perpendicular direction due to its higher

LC characteristics where a small amount of photoreacted CA

groups parallel to E acted as impurities, which reduce the LC

mesophorism in the parallel direction.12,16 The generated

birefringence values (�n) of the copolymer films were 0.16

for P1b, 0.14 for P1c and 0.12 for P1d. The birefringence of

P1b film is higher than that of homopolymer P1a (�n ¼ 0:15)

because of higher inherent birefringence of MB groups than

that of CA. However, the lower birefringence values for the

P1c and P1d films were due to the lower in-plane order of the

reoriented films. Small S values for P1c and P1d are because

that the large amount of MB groups inhibited the effective in-

plane molecular reorientation, where the thermal process

generated the out-of-plane orientation of the MB side groups.17

On the other hand, when the exposed films (DP ¼ 2{3

mol%) were annealed in the N2 temperature range of the

0

20

40

60

80

100

1 10 100 1000 104 105 106

(a)

P1a
P1b
P1c
P1d

D
P 

(m
ol

%
)

Exposure energy (mJ/cm2)

-0.3

-0.2

-0.1

0

0 20 40 60 80 100

(b)

P1a
P1b
P1c
P1d

N
or

m
ar

iz
ed

 ∆
A

 a
t 3

14
 n

m
DP (mol%)

Figure 4. a) Degree of the photoreaction (DP) of copolymer films as a
function of exposure energy. (b) Normalized photoinduced optical
anisotropy (�A) of copolymer films at 314 nm as a function of DP.
Initial absorbance at 314 nm is normalized to 1.0.
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Figure 5. UV-vis polarization spectra of copolymer films before photo-
irradiating, after irradiating (thin lines), and after subsequent
annealing (thick lines) for 10min. Solid line represent Ak, while
dotted lines show A?. (a) P1b, irradiating with 5mJ cm�2 doses
and annealed at 140 �C; (b) P1c, irradiating with 7mJ cm�2 doses
and annealed at 130 �C; (c) P1d, irradiating with 10mJ cm�2

doses and annealed at 115 �C.
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copolymers, molecular reorientation did not occur as shown in

Figure 6, where the annealing temperatures were 160 �C for

P1b, 150 �C for P1c, and 130 �C for P1d, respectively. At these

temperatures, the MB groups in the copolymers did not reveal

the LC characteristics although the materials still showed the

nematic character due to the H-bonded CA groups as described

in above section. The MB groups, which were in the isotropic

state, inhibited the thermally amplified in-plane molecular

reorientation of the mesogenic H-bonded CA groups. Addi-

tionally, the decrease in the absorbances in both parallel and

perpendicular direction after the annealing indicates the

thermally enhanced out-of-plane reorientation of the mesogen-

ic side groups.17

The influence of the annealing temperature on the thermal

amplification of the photoinduced negative �A of the film was

investigated in detail. Figure 7 plot the S values of the

copolymer films annealed at various temperatures when the DP

was approximately 2mol%. The maximum S values were

attained when the annealing temperature was 10–15 �C lower

than the N1-N2 transition temperature, and the annealing in the

N2 temperature range did not generate the in-plane orientation

at all. Figure 8 plot the thermally enhanced S values as a

function of the DP. It shows that the thermal amplification

of the photoinduced negative �A was generated for all

the copolymers at the early stage of the photoreaction

(DP ¼ 1{5mol%). When the exposed film with the DP around

10–20mol% was annealed at the LC temperature range of the

film, the photoinduced �A was reversely enhanced parallel to

the polarization of LPUV light although the generated S values

were less than +0.15. This is because that the axis-selectively

photoreacted H-bonded CA-CA side groups act as photo-cross-

linked anchors to induce the in-plane molecular reorientation

parallel to E.12 These behaviors are similar to that of the P1a

film when the DP is around 15mol%.12

CONCLUSIONS

Methacrylate copolymers comprised of photo-cross-link-

able H-bonded CA side groups and non-H-bonded MB side

groups were synthesized and characterized. All copolymers

revealed two types of nematic LC phases; one is a nematic LC

phase due to the H-bonded CA and MB side groups (N1

phase) and another is due to the H-bonded CA groups (N2

phase). Irradiating with the LPUV light resulted in small

photoinduced optical anisotropy of the film, and the thermally

amplified cooperative molecular reorientation of both meso-

genic side groups was generated when the exposed film was

annealed in the N1 LC temperature range. However, the

amplification did not occur when the exposed film was

annealed in the N2 LC temperature range. The selection of the

annealing temperature to exhibit the LC characteristics for

both mesogenic side groups plays an important role in the

cooperative molecular reorientation. The reoriented films can

be applicable to the birefringent optical films, in which

adjusting the copolymerization ratios controls the birefrin-

gence and the annealing temperature for the effective mo-

lecular reorientation.
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Figure 6. UV-vis polarization spectra of copolymer films before photo-
irradiating, after irradiating (thin lines), and after subsequent an-
nealing (thick lines) for 10min. Solid line represent Ak, while dotted
lines show A?. (a) P1b, irradiating with 5mJ cm�2 doses and
annealed at 160 �C; (b) P1c, irradiating with 7mJ cm�2 doses and
annealed at 150 �C; (c) P1d, irradiating with 10mJ cm�2 doses
and annealed at 130 �C.
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