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Photoresponsive and Holographic Behavior
of an Azobenzene-Containing Block Copolymer
and a Random Copolymer

Yumiko Naka, Haifeng Yu, Atsushi Shishido,
and Tomiki Ikeda
Chemical Resources Laboratory, Tokyo Institute of Technology,
Yokohama, Japan

A block copolymer containing an azobenzene (Az) moiety in the side chain was
prepared by atom transfer radical polymerization (ATRP). For comparison, a
random copolymer with a similar Az content was also designed. Their photore-
sponsive and holographic behavior was investigated in thin films. The block
copolymer film showed microphase separation with cylinder microdomains after
annealing, which was then irradiated at 366 nm. It was found that trans-cis
photoisomerization in the block copolymer film was slower than that in the
random copolymer film. This may be due to the restricted motion of the Az moieties
in the Az blocks. The photoinduced birefringence (Dn) of the block copolymer film
was higher than that of the random copolymer film upon irradiation with a
linearly polarized beam. In holographic recording, similar results were obtained.
A block copolymer with 22-mol% Az showed a liquid-crystalline (LC) phase, while
a random copolymer with 24-mol% Az exhibited no LC phase. The block copolymer
showed an LC phase at a lower Az content compared with the random copolymer,
suggesting that the molecular alignment of Az mesogenic groups is enhanced by
cooperative motion of LCs in block copolymer films.

Keywords: atom transfer radical polymerization (ATRP); azobenzene; block copolymer;
holography

INTRODUCTION

As information technology has developed, advanced recording media
are expected with quick data transfer and high density. Holography
provides unique opportunities for the next-generation storage
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technique. It is well known that the basis in the storage process
is a photoinduced change in refractive index in materials with
chromophores. This process can be easily achieved in azobenzene
(Az)-containing polymers by photoinduced changes in alignment of
Az moieties [1,2], which has been widely used in holograms [3,4].

Previously, we reported the formation of holographic gratings in
thick films by modulation of refractive index (Dn0), which can be
induced by the change in alignment of Az moieties and mesogens such
as cyanobiphenyl or tolane moieties [5,6]. The random copolymers
showed the maximum diffraction efficiency of 97% in the Bragg
regime. In addition, 55 holograms with angular multiplicity were suc-
cessfully recorded. On the other hand, Wendorff et al. performed the
recording of birefringence gratings by Az LC polymers [4]. The LC
polymers with Az moieties in the side chain are expected to have a
higher degree of anisotropy than amorphous ones. However, the LC
polymers have to be aligned by external fields such as an electric field,
light, or rubbing treatment.

Block copolymers self-assemble in the process of microphase separ-
ation [7–18]. Zhao et al. reported that the interfacial interaction
between polystyrene and Az groups might control the motion of Az
moieties [19,20]. Seki et al. reported that the nanostructure formed
in block copolymers with poly(ethylene oxide) (PEO) was controlled
by the film thickness [21]. The block copolymers have LC continuous
phases. Films with low absorption and small scattering of visible light
are ideal for volume holograms, which might be obtained by nanoscale
phase separation of block copolymer films with LC dispersed phases.

The formation of holographic gratings in thick films was studied
by Minabe et al. and Häckel et al. by blending the block copolymers
with homopolymers [7,8,22]. The microphase separation may obtain
high arrangement of mesogens by the cooperative effect of LCs in a
microphase-separated structure. However, they did not compare these
properties between block copolymers and random ones.

In this paper, an Az-containing block copolymer was prepared by an
atom transfer radical polymerization (ATRP) method, and its photoisome-
rization, photoalignment and holographic properties were investigated.

EXPERIMENTAL

Synthesis of Polymers

As shown in Scheme 1, poly(methyl methacrylate) (PMMA) macroini-
tiator (PMMA-Br) was prepared by ATRP in a Pyrex tube ampoule
[23]. After MMA (5.0 g, 50 mmol), Cu(I)Cl (0.15 g, 15 mmol),
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1,1,4,7,10,10-hexamethyltriethlyenetetramine (HMTETA, 420 mL,
15 mmol), ethyl-2-bromoisobutyrate (EBrIB, 73 mL, 0.5 mmol) and
anisole (50 mL) were mixed, the mixture was degassed using freeze-
pomp-thaw cycles and sealed under vacuum, then stirred for 30 min
at room temperature. The reaction was carried out in a preheated
oil bath at 90�C for 35 min. Then the ampoule tube was opened and
quickly cooled in an ice bath. The polymer solution was passed
through a column (silica gel) with THF as eluent to remove the cata-
lyst, and PMMA-Br was precipitated in a large excess of methanol
and finally dried under vacuum. A white solid product was obtained
with a yield of 95%.

Then the bromo-terminated PMMA (PMMA-Br) was used as a
macroinitiator to synthesize the Az-containing diblock copolymer by
ATRP. PMMA-Br, Cu(I)Cl and (6-[4-(4-ethoxyphenylazo)phenoxy]
hexyl methacrylate were mixed in a 20 mL ampoule that was
degassed, filled with argon and put in an argon-filled glove box. Then
HMTETA and anisole were added. The mixture was sealed under
argon and then placed in an oil bath preheated at 80�C for 40 h. After
polymerization, the polymer was purified as mentioned above. The
obtained block copolymer contained 22-mol% Az calculated from
UV-vis absorption spectra, which is abbreviated as AB22.

For comparison, a random copolymer with almost the same content of
Az as that in AB22 was also prepared. Polymerization was conducted in
N,N-dimethylformamide (DMF) by using 2,20-azobis(isobutyronitrile)

SCHEME 1 Synthetic routes of AB22 and r-AB24 used in this study.
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(AIBN) as an initiator. The monomer mixture was copolymerized under
vacuum at 60�C for 48 h. Then the solution was poured into methanol
with stirring to precipitate the polymer. The obtained polymer was pur-
ified by precipitation from THF into a large excess of methanol and
finally dried under vacuum. This polymer contained 24-mol% Az moi-
eties, which is abbreviated as r-AB24.

The molecular weight of polymers was determined by gel
permeation chromatography (GPC; Japan Spectroscopy Co., model
DG-980-50; column, Shodex GPC K802þK804þK805; eluent, chloro-
form) using standard polystyrenes for calibration. The thermodynamic
properties of polymers were analyzed with a differential scanning
calorimeter (DSC, Seiko I&E SSC-5200 and DSC220C) at heating
and cooling rate of 10�C=min. At least three scans were performed to
check the reproducibility. The mole fraction of the Az moiety in the
copolymers was estimated by the absorbance of the copolymers and
the monomers in toluene measured by UV-vis spectroscopy (JASCO,
V-550). Atomic force microscopy (AFM) images of surface modulation
were detected with a scanning probe microscope (Veeco Instruments
Inc., Nanoscope IV) in a tapping mode at room temperature.

Film Preparation

The AB22 films with a thickness of 100–230 nm were prepared by
spin-coating their toluene solution on glass substrates. The films were
annealed at 140�C in a vacuum oven for 40 h. The heating and cooling
rates were controlled at 0.5�C=min and 0.1�C=min, respectively.

Optical Setup

The optical setup for the evaluation of the photoinduced birefringence
in films is shown in Figure 1(a). The polymer film was irradiated with
a 488 nm s-polarized beam from an Arþ laser (Spectra Physics, Inc.,
BeamLok2065-7S) at 100 mW=cm2. The intensity of a probe beam at
633 nm from a He-Ne laser (NEC, Co., GLS5370) transmitted through
a pair of crossed polarizers, with the sample film between them, was
measured with a photodiode. The photoinduced birefringence (Dn)
was estimated from the change in transmittance by Eq. (1),

T ¼ sin2 pdDn

k

� �
ð1Þ

where d is the film thickness and k is the wavelength of the probe
beam, respectively. All experiments were carried out at room
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temperature. Figure 1(b) illustrates the optical setup for the grating
recording. The two linearly s-polarized beams at 488 nm obtained with
a beam splitter at an equal intensity were interfered on a film at an
incident angle of 7�. The total intensity of the writing beams was
adjusted at 100 mW=cm2. The grating formation was evaluated by
monitoring the first-order diffraction beam (I1) at 633 nm from a
He-Ne laser with a photodiode in real time. The first-order diffraction
efficiency (g) was defined as the ratio of I1 to the intensity of the trans-
mitted beam before recording (I0).

g ¼ I1

I0
ð2Þ

In this study, all the experiments were performed in the Raman-
Nath (thin) regime. Modulation of refractive index (Dn0) between the
bright and dark fringes of the interference pattern was estimated by
Eq. (3), assuming that the diffraction is due to the change in the
refractive index alone,

FIGURE 1 Optical setup for the evaluation of the photoinduced birefringence
(Dn) (a) and the formation of gratings (b). A, analyzer; BS, beam splitter; GP,
Glan-Thomson prisms; L, lens; M, mirror; PH, pinhole; S, sample; P, polarizer;
PD, photodiode.
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g ¼ pDn0d

k

� �2

ð3Þ

where d is the film thickness and k is the wavelength of the probe
beam, respectively.

RESULTS AND DISCUSSION

Properties of Polymers

Both PMMA-Br and AB22 with low polydispersities of 1.12 and 1.06
were successfully prepared, respectively. AB22 showed an LC phase
between 94�C and 147�C, while r-AB24 was amorphous. This suggests
that the block copolymer can exhibit an LC phase in a lower concen-
tration of Az mesogens than the random copolymer because of the
existence of mesogens in the neighborhood.

Upon annealing at 140�C, cylinder structures were formed by self-
assembly in the AB22 film. The nanostructures of the surface and
the cross section of the film were explored by AFM in a tapping mode.
As shown in Figure 2, the AB22 film showed a fingerprint-like struc-
ture, with Az LC cylinders irregularity dispersed in the PMMA matrix
in the surface (Fig. 2(a)) and dots in the cross section (Fig. 2(b)). The
cylinders might be orientated parallel to the substrate plane owing
to the thin thickness.

FIGURE 2 AFM phase image of AB22 film after annealing at 140�C. Surface
(a) and cross section (b).
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Effect of Microphase Separation on trans-cis
Photoisomerization and cis-trans Thermal
Isomerization Behavior

To study the effect of microphase separation on the photoisomerization
behavior of AB22 and r-AB24, UV-vis spectra were measured in both
solution and film as shown in Figure 3. The maximum absorption band
at 360 nm was observed in the UV-vis spectra of the copolymers in
toluene, owing to the p-p� transition of Az chromophores. The absorp-
tion band of AB22 was the same as that of r-AB24 in toluene
(Figs. 3(a) and (b)). However, as shown in Figure 3(c), a broad spec-
trum of the absorption band was obtained in the AB22 films after
annealing. Generally, Az chromophores form aggregates in films.
The H- and J-aggregates are formed in films, whose absorption peaks
are shifted toward shorter and longer wavelengths, respectively. It
was observed in Figure 3(c) that Az moieties formed both H- and
J-aggregates in the AB22 film. In the r-AB24 film (Fig. 3(d)), the
absorption spectrum was the same as that in solution (Fig. 3(b)), which
indicates that the aggregates were not formed. These results suggest

FIGURE 3 UV-vis spectra of AB22 in toluene (a), r-AB24 in toluene (b),
AB22 in film (c) and r-AB24 in film (d). (Solid line) photostationary state
obtained by irradiation at 366 nm and 436 nm; (broken line) trans-Az; (doted
line) cis-Az.
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that in the AB22 film with phase separation, the Az chromophore are
located in closer proximity than in the r-AB24 film.

Next we explored trans-cis photoisomerization and cis-trans thermal
isomerization behavior in detail. To obtain absorption spectra of pure
cis-Az, the Fisher method was employed [24,25]. The absorption spectra
of 100% cis-Az can be estimated from the absorption spectra of an un-
irradiated state and two photostationary states achieved by irradiation
at two different wavelengths. The absorption spectra in the photosta-
tionary states by irradiation at 366 nm and 436 nm from a high-
pressure mercury lamp through glass filters (AGC TECHNO GLASS
CO., LTD.; 366 nm: UV-35, UV-D36B and IRA-25S; 436 nm: V-40,
Y-43 and IRA-25S) are shown in Figure 3 as solid lines. The absorption
spectra of 100% trans-Az and 100% cis-Az estimated by the Fischer
method are shown in Figure 3 as broken and doted lines, respectively.
Evaluated cis ratio in the photostationary state by irradiation at
366 nm was 97% in r-AB24 and AB22 solution. On the other hand, it
was 88% and 72% in r-AB24 and AB22 films, respectively.

Trans-cis photoisomerization of Az was explored by irradiation of the
solution and film of AB22 and r-AB24 at 366 nm (0.9 mW=cm2) and
436 nm (1.7 mW=cm2) until they reached the photostationary states.
The photoisomerization behavior was analyzed by the following equation:

ln
Atrans � Apss

At � Apss

� �
¼ ktct ð4Þ

where At, Atrans and Apss are the absorbance at 360 nm at irradiation
time t, of 100% trans-Az, and in the photostationary state obtained by
irradiation at 366 nm, respectively. The ktc is a rate constant for trans-
cis photoisomerization. As shown in Figure 4, the photoisomerization of

FIGURE 4 First-order plots for trans-cis photoisomerization of AB22 and
r-AB24 in toluene (a) in film (b).
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Az in toluene could be well described by first-order plots. However, in the
films it deviated from the first-order plots. The deviations are reported
to result from the lower rate of photoisomerization with an increase in
irradiation time, which has been interpreted in terms of a decrease in
the number of Az molecules located in sites with free volume enough
for photoisomerization [26]. The photoisomerization observed in the
AB22 film was slower than that of the r-AB24 film, in which Az moieties
are dispersed homogeneously across the film. The motion of Az moieties
may be restricted in the AB22 film with phase separation. Zhao et al.
reported that Az moieties were anchored at the interface of microphase
separation [22].

The samples were kept in the dark to investigate cis-trans thermal
isomerization behavior after attainment of the photostationary state
at room temperature. The first-order plots according to Eq. (5) for
cis-trans thermal isomerization of Az are shown in Figure 5,

ln
Atrans � Apss

Atrans � At

� �
¼ kctt ð5Þ

where At, Atrans and Apss are the absorbance at 360 nm at time t in the
dark, that of 100% trans-Az, and that in the photostationary state
obtained by irradiation at 366 nm, respectively. The kct is the rate con-
stant for thermal cis-trans isomerization. The reactions of both AB22
and r-AB24 obeyed good first-order kinetics in toluene in the time
region observed. However, plots of ln½ðAtrans � ApssÞ=ðAtrans � AtÞ� vs.
time showed deviation from a straight line in the films. It might be
caused by a steric effect dictated by available free volumes [27,28]
and by a matrix effect to trap cis isomers in stained conformation upon
irradiation at 366 nm [29]. The same results were reported by Mita
et al. [26].

FIGURE 5 First-order plots for thermal cis-trans isomerization of AB22 and
r-AB24 in toluene (a) in film (b).
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Photoinduced Birefringence and Modulation
of Refractive Index

The photoinduced change in Az alignment of AB22 and r-AB24 was
investigated by irradiation with a linearly polarized beam. Upon
irradiation, the birefringence increased in both films (Fig. 6), which
can be explained by a photoinduced change in alignment of Az
moieties with their transition moments almost perpendicular to the
polarization direction of the actinic light by repetition of trans-cis-
trans isomerization cycles. In the r-AB24 film, Dn increased immedi-
ately upon irradiation and reached the maximum at about 1 min,
while Dn increased slowly in the AB22 film. Considering the trans-
cis photoisomerization behavior of Az moieties described in the preced-
ing section, it is reasonable to infer that the change in alignment of Az
in the AB22 film is slower than that in the r-AB24 film. However, the
Dn of AB22 finally reached about 0.14 upon irradiation, which is twice
as high as that of r-AB24. The alignment of Az may be enhanced by
cooperative motion of LCs in the AB22 film, which could lead to a
higher Dn.

Then the holographic properties were investigated on the AB22 and
r-AB24 films. Upon irradiation with two linearly polarized beams, the
Dn0 increased, because the difference in the refractive index between
the dark and bright fringes becomes larger. Generally, trans-Az pre-
fers to be aligned perpendicular to the polarization direction of the
actinic beam in the bright area. Further irradiation of the writing
beams led to a decay in Dn0. Figure 7 shows the value of Dn0 estimated
from g as a function of exposure time for the AB22 and r-AB24 films.
The maximum value of Dn0 was achieved in the AB22 film, which is

FIGURE 6 Photoinduced birefringence of AB22 and r-AB24 in film.
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higher than that in the r-AB24 film. These results agree with a tend-
ency of Dn discussed above. Az alignment is enhanced by cooperative
motion of LCs in the AB22 film. Figure 8 gives the possible mechanism
for the change in alignment of Az moieties in the block and random
copolymer films.

FIGURE 7 Modulation of refractive index of AB22 and r-AB24 in film.

FIGURE 8 Schematic illustration of the Az-containing block copolymer and
the random copolymer film before and after irradiation with a linearly polar-
ized beam at 488 nm.
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CONCLUSIONS

We prepared a PMMA-Br macroinitiator and a diblock copolymer with
a low polydispersity by an ATRP method. The block copolymer with 22-
mol% Az showed an LC phase, while a random copolymer with almost
the same content of the Az moiety was amorphous. The photo and
thermal isomerization in solution was fitted by the first-order plots.
However, in annealed films, the degree of trans-cis photoisomerization
was lower due to restricted motion of Az moieties. In particular, the
degree of photoisomerization of the block copolymer was lower than that
of the random copolymer.

In thin films, birefringence was generated upon irradiation with a
linearly polarized beam. It was found that the modulation of refractive
index (Dn0) between bright and dark fringes in AB22 was four times
higher than that in r-AB24 thanks to the large anisotropy of LCs
induced by photoirradiation. After annealing, Az moieties were homo-
genously dispersed in the random copolymer, while they formed micro-
domains in the block copolymer. Upon irradiation, a higher degree of
alignment of Az moieties was obtained by the cooperative effect of
LCs in the block copolymer films.
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