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After being pre-treated upon irradiation of unpolarized light at 366 nm, an azobenzene-
containing liquid-crystalline polymer film was photoinduced alignment by one
linearly polarized laser beam at 488 nm, leading to a large birefringence of 0.21.
Then holographic gratings were recorded in the pre-irradiated polymer films by
interference of two coherent laser beams. Little surface relief was obtained by the
holographic recording process, indicating that a refractive-index grating paid
most of contributions to the diffraction efficiency. Because the cooperative motion
of the azobenzene mesogens were eliminated in the cis-azobenzene-rich isotropic
film by the pre-irradiation, multi-processes of the refractive-index gratings were
successfully achieved. The obtained grating structures were clearly shown in the
polarizing optical microscopic pictures, which were also verified by their diffrac-
tion patterns. The azobenzene-containing liquid-crystalline polymer used in this
study has potential application in high-density information storage.

Keywords: azobenzene-containing polymers; liquid-crystalline polymers; multi-processes
of gratings; photochemical phase transition; refractive-index gratings

INTRODUCTION

In the past two decades, azobenzene (Az)-containing polymers, block
copolymers and polymer blends or mixtures have been extensively
investigated as holographic materials because of their excellent proper-
ties such as quick response, high diffraction efficiency and reversible
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storage [1–10]. Especially, the Az moieties have been attached to poly-
meric main chains by soft spacers to build Az-containing liquid-crystal-
line (LC) polymers (ALCPs), in which the Az group plays both roles as
a mesogen and a photosensitive chromophore [6–14]. In the process
of holographic recording in ALCP films, three kinds of contributions
to the diffraction efficiency have been reported, which includes the
refractive-index gratings (RIGs) induced by spatially selective photoi-
somerization of Az chromophores, the birefringent gratings (BGs)
caused by photoinduced change in alignment of chromophores followed
by that of mesogens and the surface-relief gratings (SRGs) induced by
macromolecular mass transportation at the micrometer scale [6–8].

One of the most promising applications of holographic gratings is
high-density information storage. To increase storage capacity, multi-
processes are often explored, which has been achieved by recording SRGs
on Az-containing amorphous polymers [2,5]. By adjusting optical setups
for holographic recording, beat, orthogonal and other complicated struc-
tures such as Fourier-synthesized blazed grating or hexagonal-
patterned SRGs have been successively obtained [2]. However, it is
difficult to record complicated patterns of RIGs in ALCP films because
of the molecular cooperative motion of Az mesogens in different align-
ment states between the bright and dark areas of the interference pat-
tern of the writing beams. Eliminating such cooperative motion of
mesogens might enable one to obtain multi-processes of RIGs. Generally,
trans-Az could be an LC mesogen since the molecular shape is rod-like,
whereas the cis-Az never shows any LC phase because of its bent shape
[6], which has been used for the photochemical phase transition in the
Az-containing LC materials or dispersed LC systems [8,16]. This gives
us hints to pre-treat the ALCP films upon UV irradiation to induce a
cis-Az-rich isotropic state (I) prior to holographic recording. Thus the
cooperative motion of Az mesogens might be avoided, which makes is
possible to record several gratings in one place of the ALCP films.

Upon irradiation of two coherent laser beams, RIGs can be recorded
by selectively induced photoisomerization of Az chromophores and
photochemical phase transition from an LC to an I phase in the bright
areas of the interference pattern, whereas a cis-Az-rich photostationary
state (an I phase) was remained in the dark areas [8,10]. Although the
cis-Az can undergo thermal isomerization to the trans-Az, the LC phase
cannot be easily restored under the glass-transition temperature of the
ALCPs because of the high viscosity, which might enable one to obtain
stable RIGs at room temperature. Furthermore, the photoresponsivity
of Az molecules might be accelerated because of the lower viscosity of
the pre-irradiated films in an I phase. In this paper, we report both
the photoinduced alignment of Az mesogens and the multi-processes
of RIGs in an ALCP film by using the pre-treatment method.
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EXPERIMENTAL

Materials

As shown in Scheme 1, an ALCP with a number-average molecular
weight (Mn) of 8,300 and a low polydispersity index (Mw=Mn ¼ 1.07,
measured by GPC) was synthesized by atom transfer radical polymer-
ization (ATRP) [12]. About 20 repeat units of the Az chromophores
were obtained based on the analysis of its GPC and 1H NMR spectrum,
and the ALCP can be expressed as PAZ20. Three kinds of phase tran-
sition peaks appeared at 69, 104 and 113�C in its thermogram by dif-
ferential scanning calorimetry (DSC), corresponding to smectic X to
smectic C to smectic A to I phase, respectively [12]. Two absorption
peaks were observed in its UV-vis spectrum in chloroform. One stron-
ger peak at 350 nm is due to the p-p� transition of Az, the other peak at
about 450 is attributed to n-p� transition of Az [1].

Characterization

The PAZ20 films with a thickness of about 600 nm were prepared by
spin-coating their toluene solutions on glass substrates. The thickness
of the sample films was measured with a surface profiler (Veeco
Instruments Inc., Dektak 3ST). Both the LC behavior and the RIG
structures were examined on a polarizing optical microscope (POM,

SCHEME 1 The chemical structure and properties of the azobenzene-
containing liquid-crystalline polymer (PAZ20) used in this paper.
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Olympus Model BH-2). Unpolarized light at 366 nm was obtained from
a 500 W high-pressure mercury lamp through three glass filters
(Toshiba, UV-35, UV-D36A and IRA-25). UV-vis spectra in chloroform
or as a spin-coated film were measured using a JASCO U-550 spec-
trometer. Atomic force microscopy (AFM) images of surface modulation
in tapping mode were detected with a scanning probe microscope (Veeco
Instruments Inc., Nanoscope IV) at room temperature.

Photoinduced Alignment

Before photoinduced alignment, the PAZ20 films were pre-irradiated
with a 366-nm unpolarized beam at an intensity of 60 mW=cm2 for
10 min to obtain a cis-Az-rich photostationary state, in which the absorp-
tion at 488 nm was increased (Fig. 1). Then a linearly polarized beam
from an Arþ laser (488 nm) at an intensity of 100 mW=cm2 was used to
induce the LC alignment. The optical setup for photoinduced alignment
is shown in Figure 2(A). The transmittance of a He–Ne laser at 633 nm
with weak intensity was monitored simultaneously during irradiation
through two crossed polarizers with the sample films between them.

Holographic Recording

After pre-irradiation, the holographic gratings were recorded by a
standard procedure as the optical setup shown in Figure 2(B). Two
coherent laser beams with s-polarization and equal intensity of

FIGURE 1 The UV-vis spectra of PAZ20 films before and after
pre-irradiation at 366 nm.
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50 mW=cm2 from an Arþ laser at 488 nm were crossed on the film sur-
face at an incident angle of 7�, leading to an interference pattern with
a fringe spacing of 2.0 mm according to K ¼ k=(2sinh), where k and h are
the wavelength and the incident angle of the writing laser beams,
respectively. The two beams were collimated to a diameter of about
2.0 mm on the film surface. A He-Ne laser (633 nm) with weak inten-
sity was used as a reading beam since the PAZ20 films before and after
pre-irradiation have little absorption at this wavelength as shown in
Figure 1. The grating formation was confirmed in real time by moni-
toring the intensity of the first-order diffraction beam with a photo-
diode in transmission mode, and the diffraction efficiency was
defined as g ¼ I1=I0, where I1 is the intensity of the first-order diffrac-
tion beam, and I0 represents the intensity of transmitted beam
through the film without the writing beams, respectively. The reading
beam was also normal to the film surface.

FIGURE 2 Optical setups used in this study. (A) Photoinduced LC alignment
in the PAZ20 films, (B) holographic recording by interference of two coherent
Arþ laser beams. BS, beam splitter; L, lens; M, mirror; P, polarizer; PD, photo-
diode; DP, depolarizer; PH, pinhole.
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Multi-Processes of RIGs

After the first holographic grating was recorded, turning off the laser
beams, then rotate the sample films by a certain degree and record the
second grating by the same optical setup shown in Figure 2(B). The
third grating was obtained by a similar method after rotating the sam-
ple films that have been recorded with two gratings beforehand.

RESULT AND DISCUSSIONS

It is well known that Az-containing compounds can be photoinduced
alignment with their transition moments almost perpendicular to
the polarization direction of the actinic beam by repeating the trans-
cis-trans isomerization cycles [1,2,15]. Upon pre-irradiation, the Az
alignment in the PAZ20 films was photoinduced by a linearly polar-
ized laser beam at 488 nm. The photoinduced change in LC alignment
is shown in Figure 3. On irradiation, both the isomerization of Az chro-
mophores from cis to trans and the photochemical phase transition
from an I to an LC were photoinduced, and the alignment of the Az
mesogens was perpendicular to the polarization direction of the actinic
beam, leading to a gradual increase in the transmittance passing
through a pair of two crossed polarizers. Generally, the transmittance
(T) is defined by the following equation [17],

T ¼ sin2 pdDn

k

� �

FIGURE 3 Change in transmittance of the PAZ20 films as a function of
irradiation time.
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where d is the film thickness, Dn is the photoinduced birefringence
of the polymer film and k is the wavelength of the probe light
(k ¼ 633 nm). The saturated Dn of about 0.21 was obtained after
irradiation for 600 s, which is larger than that of the Az-containing
amorphous polymers [1].

We found that a bi-exponential function [18]

Y ¼ A � ð1� expð�t=t1ÞÞ þ B� ð1� expð�t=t2ÞÞ

fits all the data in Figure 3 well, implying that at least two mechan-
isms are involved in the growth of photoinduced birefringence. The
software of KaleidaGraph (version 3.6) was used to fit the curves
and two time constants t1 and t2 of 16.6 and 22.5 in the equation were
achieved, respectively. The obtained two parameters are smaller than
those of the Az-containing amorphous polymers because of the lower
velocity of the PAZ20 film in an I phase [18–20].

Three kinds of Az chromophores have been summarized by
Natansohn and Kumar [1,15]. The first ‘‘Az’’ has relatively poor p-p�

and n-p� absorbance overlap and the lifetime of the cis-isomer is
relatively long. The second one is ‘‘aminoazobenzenes’’, and there
is significant overlap of the two bands and the cis-isomer lifetime is
shorter. The third Az is ‘‘pseudostilbenes’’, where the Az is usually
substituted with electron-donor and electron-acceptor substituents.
Considering the molecular structure and photoresponsive behavior,
the Az in the present PAZ20 belongs to the first kind.

Such kind of ALCPs showed little surface relief if no low-molecular-
weight LC (e.g., 5CB) was mixed [16]. As show in Figure 4(A), a
surface relief of about 3 nm with a grating periodicity of 2.0 mm was
obtained after recording for 2 s. No obvious increase in the surface
relief was observed with a longer irradiation time. In this study, all
experiments were performed in the Raman-Nath regime (thin film),
and multiple diffraction beams were observed.

Although little formation of the surface relief was induced on the
sample films, the RIG structures with the same grating periodicity
of 2.0 mm as that of the SRG were clearly observed by POM as shown
in Figure 4(B). The bright areas of the interference pattern correspond
to the bright stripes of the POM images (LC phase), whereas the dark
areas are correlated with dark stripes of the POM images (I phase),
which is contrary to our previous results of ALCPs since pre-
irradiation was carried out beforehand [7]. The RIG structures were
stable under room light because of the long lifetime of the cis-Az in
PAZ20 films. No detectable change in POM pictures was observed
after being stored at room temperature for two months.
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Since the surface relief of the grating is very small, the contribution
of the SRG to the diffraction efficiency (g) can be omitted. Based on
the special modulation of the refractive index, g can be calculated
theoretically by the following equation,

g ¼ pdDn0

k

� �2

FIGURE 4 AFM topological image (A) and polarizing optical micrograph (B) of
the holographic gratings recorded in the PAZ20 film.
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Where d and k are film thickness and the wavelength of the reading
beam, respectively. Dn0 is the difference in the refractive index
between the bright (an LC phase) and dark (an I phase) fringes.
As shown in Figure 5, the maximum g of 0.38% was obtained after
holographic recording for 2 s, leading to the Dn0 of 0.021.

To record the second gratings and investigate the corresponding
structure of the RIGs, the grating sample obtained with the maximum
g at 2 s was rotated by 90�. Using the same the optical setups shown in
Figure 2(B) to record the second grating for another 2 s. Two processes
of the RIGs were successfully obtained as shown in Figure 6(A). The
perpendicular RIG structures clearly observed under POM were also
indicated by the image of the first-order diffraction beams of the RIGs.
The patterning width of the second orthogonal grating was also
2.0 mm, the same as that of the grating by one process. Then three pro-
cesses of the RIGs were obtained by the similar method. As shown in
Figure 6(B), the POM picture shows an angle of 60� between two grat-
ings, correlating with the position of sample films shown in the left of
the Figures. The diffraction picture is given in the right side of the
POM image.

CONCLUSION

We studied the photoinduced LC alignment in an ALCP film after being
pre-irradiated by unpolarized UV light. A large birefringence of 0.21 was
obtained by one linearly polarized laser beam. Upon irradiation of inter-
ference of two coherent laser beams, holographic gratings were recorded

FIGURE 5 Evolution of the first-order diffraction efficiency of holographic
gratings recorded in the pre-treated PAZ20 films as a function of recording
time.

Azobenzene-Containing Liquid-Crystalline Polymer 79

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

45
 0

9 
A

ug
us

t 2
01

2 



in the pre-treated films. The RIG paid most of contributions to the
diffraction efficiency because little surface relief was obtained. By
the pre-treatment method, the cooperative motion of Az mesogens
in PAZ20 films were eliminated, and multi-processes of the RIGs were
successively obtained, indicating that the Az-containing polymer has
potential application in high-density information storage.
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