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rientation behaviors of
azobenzene liquid crystal copolymers for photonic
crystals†

Sunnam Kim, *a Shunsuke Ishii,a Ryohei Yagi,a Yutaka Kuwahara,ad

Tomonari Ogatab and Seiji Kurihara*acd

A certain wavelength of incident light is forbidden based on the optical periodicity related to the intervals

and refractive indices of the comprising materials. For multi-bilayered films with periodicity, on–off

switching of reflection is possible due to the presence or absence of a refractive index difference

between two consisting films. Changes in the refractive index can be induced by stimuli-responsive

orientation behaviors of liquid crystal (LC) molecules with birefringence. Azobenzene (Az) groups are

employed for photo response and copolymerized with non-photo-responsive LC mesogen groups for

cooperative orientation to improve light penetration by the dilution of Az concentration. LC mesogen

groups are designed to have a high refractive index to improve the reflection contrast. The refractive

indices and the orientation behaviors of the copolymer films are investigated. On–off switching of

reflection for multi-bilayered films consisting of alternate Az-containing LC copolymers and poly vinyl

alcohol is conducted using ultraviolet and visible light irradiation, and their reflection intensity and

response speed are compared between the different LC mesogen types and molar ratios.
Introduction

In nature, such as in opal, neon tetra sh, peacock wings, and
Morpho buttery wings, structural coloration, that is, the
reection light by the optical periodic structure, can be found.
The articial periodic nanostructured-materials are called
photonic crystals (PCs) and they have attracted considerable
research interest for self-standing color reective displays. It is
a very suitable technology for paper-like displays attributed to
low eye fatigue and low power consumption based on the lack of
a necessity for a light source.1–7 Many researchers have studied
the wavelength change based on responsible periodicity under
external stimuli such as electrical or magnetic elds,8–10 pH,11–13

temperature,14,15 moisture and chemicals.15–17

In addition, we recently reported the photochemical on–off
switching of the reection intensity for multi-bilayered lms as
one dimensional PCs.18,19 This could be achieved by controlling
the difference in the refractive indices of the laminate of two
, 2-39-1 Kurokami, Kumamoto 860-8555,
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tion (ESI) available. See DOI:

5

lms having different refractive indices overlapping one
another. The reectance, R, of the multi-bilayered lms is given
by the following equation for the normal incidence of light:20

R ¼
"
1� ðnH=nLÞ2q

�
nH

2
�
nS
�

1þ ðnH=nLÞ2qðnH2=nSÞ

#2

(1)

where nH and nL are the high and low refractive indices of the
stacked materials in each bilayer, respectively, nS is the refrac-
tive index of the substrate and q is the number of bilayers. From
eqn (1), it can be observed that reectance increases with
increasing difference between nH and nL. In contrast, the
reectance considerably decreased when nH and nL are nearly
equal; therefore, an on–off switching of the reection can be
achieved by controlling the difference in the refractive indices
of the stacked materials between the equivalent state and the
non-equivalent state for nH and nL.

Changes in the refractive index of the lm can be induced by
changes in the orientation states when incorporating liquid
crystal (LC) molecules with birefringence. The Az group is one of
superior light-sensitive materials and can induce reversible and
stable molecular orientation behaviors in the polymeric lms.
For the multi-bilayered lms laminated with alternate PVA lms
(nPVA ¼ 1.5) and Az-containing LC polymer lms, on–off
switching of the reection was achieved by remote control of the
orientation states of the LC lms with a refractive index change
between 1.5 and 1.6.18,19 However, since the absorbance of the
azobenzene chromophore is high, there is the problem that
This journal is © The Royal Society of Chemistry 2017
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light penetration is interrupted in the lms and the response for
the on–off switching of the reection is delayed.

To improve the light response efficiency across the entire
lm, the non-photo-responsive LC mesogen groups are
employed because it is possible to dilute the Az chromophore
concentration and to cooperatively change the orientation
states. For multi-bilayered lms consisting of Az copolymers
with biphenyl groups such as the LC mesogen groups, the light
response speed was faster than that of the Az homopolymer.21

However, the reection intensity deteriorated due to the low
refractive index of the biphenyl group as reection intensity
relied on the refractive index difference of composite materials.

In order to improve the reection intensity, herein we
attempted to nd LC groups exhibiting high refractive indices
as well as good cooperative orientation behavior. Since the
dielectric constant increases with the long-conjugated system,
molecules with the longer conjugated system exhibit higher
refractive indices. This is based on the relational expression of
3 ¼ n2, where 3 and n represent the dielectric constant and
refractive index, respectively. In addition, a Tolan group has
been reported to increase the extraordinary refractive index with
high conjugation along the molecular long axis, attributing to
an increase of the average refractive index and birefrin-
gence.22–25,28–30 In this study, various LC mesogen groups with
long conjugation on the molecular long axis such as Tolan,
Schiff base, and stilbene groups were employed for Az-
containing copolymers and their refractive indices, and the
photo-induced orientation behaviors were compared. In addi-
tion, for the multi-bilayered lms composed of the Az-
containing copolymers and PVA, the photo-induced reection
behaviors were investigated in relation to their reection
intensity and light-response rate.

Experimental
Synthesis and polymerization

Az and LC mesogen monomers were synthesized according to
the same method reported previously.26,27 The structures and
purities of the monomers were identied by H-NMR (JEOL JNM-
EX400) and the melting point by polarizing microscopic
observation (POM; Olympus BHSP polarizing microscope;
Mettler FP80 and FP82 hot stage and controller) and elemental
analysis (Yanaco MICRO CORDER JM 10) is as follows.

Azobenzene (Az): 6-[4-(4-methoxyphenylazo)phenoxy]hex-
ylacrylate. 1H H NMR (400 MHz, CDCl3; d, ppm): 1.42–2.19 (m,
8H, methylene); 3.89 (s, 3H, ArOCH3); 4.00–4.10 (t, J ¼ 6.0 Hz,
2H, OCH2); 4.12–4.24 (t, J ¼ 6.0 Hz, 2H, OCH2); 6.08–6.18 (m,
1H, CH2]CH), 6.37–6.46, 5.78–5.84 (d, J ¼ 10.8 Hz, 2H, CH2]

CH), 6.95–7.90 (m, 8H, aromatic) C22H26N2O4 (Mw: 354.2); H;
6.85, C; 69.09, N; 7.32. Found (%); H; 6.91, C; 69.05, N; 7.30.
Yield: 10.8 g (53%). Mp 95.5–96.7 �C.

Stilbene (Stb): 6-(4-(4-methoxystyryl)phenoxy)hexyl acrylate.
1H H NMR (400 MHz, CDCl3; d, ppm): 1.4–2.0 (m, 8H, methy-
lene); 3.8 (s, 3H, OCH3); 3.9 (t, J ¼ 5.9 Hz, 2H, PhOCH2); 4.2 (t,
J¼ 6.3 Hz, 2H, COOCH2); 5.8, 6.4 (d, J¼ 9.8, 16.6 Hz, 2H, CH2]

CH); 6.1 (m, 1H, CH2]CH); 6.9 (m, 1H, CH]CH); 6.8, 7.4 (m,
8H, aromatic) C24H28O4 (Mw: 380.2); H; 7.42, C; 75.76, N; 0.00.
This journal is © The Royal Society of Chemistry 2017
Found (%); H; 7.28, C; 75.01, N; 0.14. Yield: 2.47 g (34.3%). Mp
124–126 �C.

Tolan (To): 6-(4-((4-methoxyphenyl)ethynyl)phenoxy)hexyl
acrylate. 1H-NMR (400 MHz, CDCl3; d, ppm): 1.4–2.0 (m, 8H,
methylene); 3.8 (s, 3H, OCH3); 3.9 (t, J ¼ 3.2 Hz, 2H, PhOCH2);
4.2 (t, J ¼ 6.6 Hz, 2H, COOCH2); 5.8, 6.4 (d, J ¼ 5.2, 8.7 Hz, 2H,
CH2]CH); 6.1 (m, 1H, CH2]CH); 6.8, 7.4 (m, 8H, aromatic)
C24H26O4 (Mw: 378.2) (%), H; 6.92, C; 76.17, N; 0.00. Found (%),
H; 6.94, C; 76.15, N; 0.00. Yield: 1.50 g (47.8%). Tm: 55.0–57.5 �C.

Tolan methyl (ToMe): 6-(4-((4-methoxyphenyl)ethynyl)-2-
methylphenoxy)hexyl acrylate. 1H-NMR (400 MHz, CDCl3; d,
ppm): 1.4–2.0 (m, 8H, methylene); 2.2 (s, 3H, PhCH3); 3.8 (s, 3H,
OCH3); 3.9 (t, J ¼ 6.3 Hz, 2H, CH2OH); 4.1 (t, J ¼ 8.8 Hz, 2H,
PhOCH2); 5.8, 6.4 (d, J¼ 8.8, 15.6 Hz, 2H, CH2]CH); 6.1 (m, 1H,
CH2]CH) 6.7, (d, J ¼ 8.8 Hz, 1H, aromatic) 6.8 (d, J ¼ 8.8 Hz,
2H, aromatic); 7.3 (d, J ¼ 8.8 Hz, 2H, aromatic); 7.4 (d, J ¼
8.8 Hz, 2H, aromatic) C25H28O4 (Mw: 392.2): H; 7.19, C; 76.50, N;
0.00. Found (%), H; 7.11, C; 76.40, N; 0.05. Yield: 3.97 g (65.6%).
Tm: 58–61 �C.

Schiff base (Schi): 6-(4-(((4-methoxyphenyl)imino)methyl)
phenoxy)hexyl acrylate. 1H-NMR (400 MHz, CDCl3; d, ppm): 1.4–
1.8 (m, 8H, methylene); 3.8 (s, 3H, OCH3); 4.0 (t, J ¼ 6.3 Hz 2H,
CH2OH); 4.1 (t, J ¼ 6.8 Hz 2H, PhOCH2); 5.9, 6.3 (d, J ¼ 9.8,
17.6 Hz 2H, CH2]CH); 6.1 (m, 1H, CH2]CH) 6.9 (d, J ¼ 8.8 Hz
2H, aromatic); 7.0 (d, J¼ 8.8 Hz 2H, aromatic); 7.2 (d, J ¼ 8.8 Hz
2H, aromatic); 7.8 (d, J ¼ 8.8 Hz 2H, aromatic) 8.5 (s, 1H, CHN);
C23H27NO4 (Mw: 381.2): H; 7.13, C; 72.42, N; 3.67. Found (%); H;
7.15, C; 76.35, N; 3.70. Yield: 3.0 g (42.7%). Tm: 82–85 �C.
Polymerization

Polymerizations were carried out as follows; rst, 1.5 g of two
monomers with various molar ratios (Az group : LC mesogen
group¼ 10 : 0, 8 : 2, 7 : 3, 5 : 5, and 3 : 7) was dissolved in 15 ml
of dimethyl formamide in a glass tube, and 15 mg (0.06 mmol)
of 2,20-azobisisobutylonitrile was also added to the solution.
Aer purging with nitrogen, the tube was sealed and shaken in
a water bath at 60 �C for 48 h. The reaction mixture was poured
into excess methanol. Then the precipitated product was
collected and dissolved in tetrahydrofuran (THF). Aer
repeating this reprecipitation cycle several times, the produced
copolymers were collected and dried under vacuum.
Preparation of multi-bilayered lms

Multi-bilayered lms were prepared according to previous
reports.18,19,21 Az-containing copolymers were dissolved in
cyclohexanone at 4.5 wt% and PVA was dissolved in water at
2.5 wt%. The solutions were spin coated at 3000 rpm on a glass
substrate alternately and repeatedly, and 20-bilayered lms
were prepared. The thickness of Az100 and PVA was 95 nm and
90 nm, respectively, from a surface proler (Dektak-150,
ULVAC). The thickness of the 20-bilayered lms was
measured by atomic force microscopy (AFM, Agilent 5500) and
eld emission scanning electron microscopy (FE-SEM, Hitachi
SU-8000) (Fig. S12†).
RSC Adv., 2017, 7, 51978–51985 | 51979
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Fig. 1 Schematic of the molecular structures of the copolymers.
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Characterization

The thermal properties of the polymers were examined by
means of differential scanning calorimetry (DSC; Seiko DSC-
5020). The scan rate for the DSC measurements was
10 �C min�1. Molecular weight was determined by gel perme-
ation chromatography (GPC; Jasco 870-UV detector at 254 nm,
Shodex KF-804L column, THF as eluent). The copolymerization
ratio was determined by UV-vis spectroscopy (Shimazu UV-
1600PC). An ultrahigh pressure mercury lamp with a heat cut
lter (NAF-50S-50H) was used as a light source (USHIO SX-UI
500H). UV light (l ¼ 365 nm, 8 mW cm�2) and visible light
(l ¼ 436 nm, 60 mW cm�2) were used with lters Sigma UTVAF-
35U and Sigma SCF-50s-42L, respectively. Refractive indices of
the copolymer lms were calculated by ellipsometry (Spectrum
Ellipsometer FE-5000s, Otsuka Electronics Co., Ltd.) with the
sodium D line at 589.3 nm.
Results and discussion

With the Az group and LC mesogen groups such as stilbene
(Stb), Schiff base (Schi), Tolan (To), and Tolan methyl (ToMe)
groups, copolymers were prepared at various molar ratios of the
LC groups to the Az group, as described in Table 1. Az100
represents the Az homopolymer. The Az-containing copolymers
are abbreviated as AzStb, AzSchi, AzTo, and AzToMe. The
numbers in the abbreviations indicate the molar ratio of the Az
to the LC groups. Their molecular structures are shown in Fig. 1.

The average refractive indices of the copolymers in random
orientation states were evaluated by ellipsometry measure-
ments and the results are summarized in Fig. 2. The refractive
indices of AzToMe, AzTo and AzStb were greater than or similar
to that of Az100 (1.612). In contrast, the refractive indices of
AzSchi were lower than that of Az100. The reason for the non-
monotonous behavior of the refractive index is not clear at
present.

The phase transition temperatures of the copolymers were
estimated by DSC measurements and the LC phases were
conrmed by POM. The phase transition temperatures are
summarized in Table 2. All the copolymers exhibited both
smectic and nematic LC phases. However, for AzStb55 and
Table 1 Copolymerization conditions with molar ratios of Az and LC
mesogen groups with the copolymer abbreviations

LC mesogen
Az LC mesogen Az LC mesogen

Sample name(Loading ratio) (Content ratio)

Stilbene 7 3 7 3 AzStb73
5 5 5 5 AzStb55
3 7 2 8 AzStb28

Schiff 7 3 7 3 AzSchi73
5 5 5 5 AzSchi55
3 7 3 7 AzSchi37

Tolan 7 3 8 2 AzTo82
5 5 7 3 AzTo73
3 7 4 6 AzTo46

Tolan methyl 8 2 9 1 AzToMe91
7 3 6 4 AzToMe64

51980 | RSC Adv., 2017, 7, 51978–51985
AzStb28 with higher molar ratios of the Stb group, the phase
transition temperatures were not clearly observed. As shown in
Fig. 3, the glass transition temperatures (Tg) of the copolymers
decreased compared to that of Az100, except for the Tg of AzStb.
The Tg of AzStb73 was estimated to be 66 �C, which was slightly
higher than that of Az100. Tg is considered to be an important
factor for orientation behaviors of polymers.

Photo-response isomerization behaviors were investigated in
THF solution (Fig. S1†). For the UV-vis absorption spectra, the
absorption bands at 360 nm and 450 nm corresponded to the
p–p* transition and the n–p* transition, respectively, of the Az
group. The changes in the absorption spectra based on trans–cis
isomerization behavior were observed by irradiation of UV light
(365 nm, 8 mW cm�2) and visible light (436 nm, 60 mW cm�2).
It was observed that using UV light, the absorbance decreased at
365 nm and increased at 450 nm, whereas using 436 nm visible
light, reverse behaviors were observed. These changes were
similar and reversible for all the samples, although the
absorption bands of the Stb and Schi groups were partially
overlapped with the p–p* transition absorption bands of the Az
groups. Therefore, it was demonstrated that the photo-
responsive orientation behavior of the Az group occurred
stably even when the mesogen groups coexisted.

For the thin lms prepared using the spin-coating method,
the initial states were in random orientation states. The orien-
tation states could be controlled by irradiation of 365 nm,
436 nm, and 546 nm UV-vis light, as shown in Fig. 4. Molar
fractions of cis-isomers in each orientation state were respec-
tively estimated to be 94%, 15%, and 1% (supported by Fig. S8
and S9†). At 436 nm visible light, the Az units have absorption
bands of both the cis and trans isomers and thus they can
undergo repeated cis–trans isomerization. Then, the direction of
alignment depends on the incident light direction due to the
photo-orientation process, which is induced by anisotropic light
absorption of trans-azobenzene fragments and subsequent re-
arrangement of the orientation structure of the material.31–38

Therefore, an out-of-plane orientation can be induced by
normal incident light of 436 nm for the thin lms. For 365 nm
UV light, cis isomers are generated and the orientation state can
be destroyed. Consequently, a random state is induced. Using
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Refractive indices of the copolymers with various molar ratios of the Az groups.

Table 2 Summary of the molecular weights and phase transition
temperatures of the copolymersa

Abbreviation Mn Mw/Mn Phase transition temperature [�C]

Az100 7500 1.23 G 61 S 99 N 139 I
AzTo82 6800 1.57 G 48 S 84 N 127 I
AzTo73 6700 1.35 G 52 S 78 N 127 I
AzTo46 7600 1.55 G 45 S 74 N 123 I
AzToMe91 7000 1.43 G 53 S 69 N 124 I
AzToMe64 7800 1.41 G 28 S 47 N 113 I
AzStb73 13 500 2.32 G 66 S 81 N 105 I
AzStb55 10 500 2.26 —
AzStb28 10 500 1.71 —
AzSchi73 9200 1.41 G 53 S 102 N 139 I
AzSchi55 4900 1.22 G 50 S 69, 103 N 130 I
AzSchi37 4700 1.21 G 44 S 65, 102 N 125 I

a *Mn and Mw/Mn are measured by GPC. **G, S, N and I respectively
present glass transition temperature, smectic phase, nematic phase
and isotropic phase.

Fig. 3 Tg of the copolymers with variousmolar ratios of the Az groups.
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the subsequent 546 nm visible light, the isomerization behavior
from the cis to trans isomers is conducted and thus the random
orientation state with the trans isomers can be induced.

The orientation states of the lms induced by irradiation of
light were evaluated by the changes in the absorption spectra
(Fig. S3 and S4†). For light at 436 nm, p–p* transition absorp-
tion bands of the Az groups and LC groups at 360 nm and
300 nm decreased. When the lms were horizontally tilted 40�

to the plane normal to the monitoring light, anisotropic
absorption spectra were observed for the vertically and hori-
zontally polarized directions on the lm, as shown in Fig. 5. In
addition, eight patterns were observed in their polar graphs
aer irradiation by 436 nm visible light. Therefore it was
demonstrated that out-of-plane orientation was induced. By
irradiation by 365 nm UV light, absorbance at 300 nm and
450 nm increased. It was demonstrated that cis isomers of Az
groups were generated and alignment of LC mesogen groups
was destroyed, which led to a random orientation state.
Subsequently, by irradiation by 546 nm visible light, absorbance
at 360 nm increased and absorbance at 450 nm decreased,
This journal is © The Royal Society of Chemistry 2017
indicating cis to trans isomerization of the Az groups. From the
isotropic absorbance, it was assumed that trans isomers of the
Az group were randomly aligned.

The out-of-plane orientation states were evaluated using the
order parameter (S) of the Az groups.39 S was calculated with
absorbance using the following eqn (2), when the lms were
horizontally tilted 40� to the plane normal to the monitoring
light:

S ¼ Ak � At

Ak þ 2At

(2)

where Ak and At are the polarized absorbances in the horizontal
and vertical directions, respectively, for the plane normal to the
monitoring light for the maximum wavelength (lmax) of the Az
group.
RSC Adv., 2017, 7, 51978–51985 | 51981
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Fig. 4 Schematic of the orientation states of the films after irradiation
by UV-vis light at 365 nm, 436 nm, and 546 nm.

Fig. 6 The changes in S for the films before and after light irradiation
by 436 nm visible light, and 365 nm UV light following 546 nm visible
light.
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For the thin lms, the S values with light of 365 nm,
436 nm, and 546 nm were compared, as shown in Fig. 6. For
the random orientation states before irradiation of light, S¼ 0.
With 436 nm visible light, S of Az100 increased to 0.6 in the
out-of-plane orientation state. S of the copolymers was
lower than that of Az100. For AzStb, especially, the out-of-
plane orientation state was hardly induced by light irradia-
tion, presumably due to a high Tg, as mentioned above.
Finally, using UV light of 365 nm following visible light of
Fig. 5 The vertical and horizontal polarized absorption spectra of the A
diation by 436 nm, 365 nm, and 546 nm light for the plane normal to th
normal to the monitoring light. The polar plots for the lmax of the Az gro

51982 | RSC Adv., 2017, 7, 51978–51985
546 nm, random orientation states were induced and S
approached 0.

For the multi-bilayered lms comprising alternate Az-
containing lms and PVA lms, the photo-responsive speeds
zTo82 (a), AzToMe91 (b), AzStb73 (c), and AzSchi73 (d) films after irra-
e monitoring light. The films were horizontally tilted 40� to the plane
up are shown in the inset.

This journal is © The Royal Society of Chemistry 2017
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for on–off switching of the reection intensity were compared,
as shown in Fig. 7. For 436 nm visible light, the reection for all
lms decreased. For copolymers of AzTo82 and AzToMe91, the
response speed of reection was faster than that of Az100. It was
assumed that out-of-plane orientation behaviors in the multi-
bilayered lms were improved by copolymerization with To
and ToMe groups, possibly due to their lower Tg than that of
Az100. On the other hand, the photo-response speed of reec-
tion of AzSchi73 was slower than that of Az100 even though it
has a lower Tg. This is attributed to the surface energy
depending on the hydrophobicity of LC mesogen groups when
sandwiched by hydrophilic PVA lms.

In order to estimate the hydrophobicity of LC molecules,
dipole moments and the partition coefficient (log P) were
calculated using Spartan’14 (Wavefunction, Inc.) with the
B3LYP/6-31G* method. For Az, Schi, and To groups they were
respectively estimated to be 0 Debye, 1.24 Debye, and 0 Debye
for dipole moments; and 4.22, 3.65, and 3.72 for log P.
Consequently, a Schi group exhibiting higher polarity is rela-
tively less hydrophobic. Therefore, AzSchi lms sandwiched by
PVA lms are less preferable for out-of-plane orientation
compared with the other copolymers, based on higher surface
energy. This is supported by the experimental results of ther-
mally induced out-of-plane orientation behaviors. When
AzTo73 and AzSchi73 were annealed at 70 �C, their S values for
Fig. 7 The reflection spectra (a and b) and time dependency (c and d) of
d). The orientation states of films are illustrated in the figures.

This journal is © The Royal Society of Chemistry 2017
out-of-plane orientation were respectively estimated to be 0.73
and 0.34. S of AzSchi73 was lower than that of AzTo73, as
expected.

On the other hand, for 365 nm UV light, reection for all
lms increased. The light response of AzToMe91 was faster than
that of Az100 and other copolymers, indicating improvement of
random orientation behavior attributed to light penetration
deep inside. On the other hand, AzTo82 had apparently poor
response to UV light. Namely, random orientation was not
sufficiently induced by accumulation of cis isomers of Az
groups. This is due to strong intermolecular interactions
between To groups as described in our previous reports.28,29 It is
also supported by the fact that the Tg of AzTo decreased less
with an increase in the molar ratio of the mesogen group than
that of AzToMe (Fig. 3). In contrast, the ToMe group is
considered to be advantageous for random orientation because
of the steric hindrance of the methyl group.

Reversible on–off switching of reection was examined by
the sequence of light irradiation by 436 nm visible light (for the
out-of-plane orientation state; reection¼ OFF) and 365 nm UV
light following 546 nm visible light (for the random orientation
state; reection ¼ ON), as shown in Fig. 8. For photo-induced
on–off switching, the reection contrast of AzToMe91 was
improved owing to a better orientation behavior and higher
refractive index.
reflection of Az100 after 436 nm light (a and c) and 365 nm light (b and

RSC Adv., 2017, 7, 51978–51985 | 51983
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Fig. 8 Photos of on–off state of reflection and writing patterns on the
multi bilayered film of AzTo(Me)91. Repeated examination for reflec-
tion changes of the muli-bilayered films by light irradiation at 436 nm
(150 mW cm�2, 30 min), 365 nm (30 mW cm�2, 10 min), and 546 nm
(100 mW cm�2, 10 min).
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Conclusion

LC mesogen groups with long-conjugated systems were
synthesized and the copolymers with the Az group and the LC
groups showed higher refractive indices compared with that of
Az100, except for the copolymers with the Schi group. For the
thin lms, the orientation states were controlled by irradiation
of 365 nm, 436 nm and 546 nm light, except for the copolymers
with the Stb group. For the multi-bilayered lms comprising Az-
containing copolymers and PVA, photo-induced on–off switch-
ing of reection was conducted. Reectance and photo
responses were improved compared to those of Az100 and the
best performance was obtained for AzToMe91. The methyl
group of ToMe relaxed the strong intermolecular interaction
between To groups. For the copolymers with the Schi and Stb
groups, the photo-responses were poor, possibly due to the
higher surface energy and molecular rigidity, respectively.
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