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The formation of real-time holographic gratings was investigated in an azobenzene polymer liquid crystal

(PLC) possessing a siloxane spacer in the side chain. Irradiation of thin ®lms of the PLCs created a phase

grating which is ascribed to periodic induction of the nematic-to-isotropic (N±I) phase transition due to

photochemical trans±cis isomerization of the azobenzene moiety (photochemical phase transition). It was found

that the N±I phase transition temperature of the PLC with the siloxane spacer was lower than that of the PLC

without the siloxane spacer owing to ¯exibility of the siloxane units. This property resulted in a decrease in the

irradiation temperature, leading to effective induction of the photochemical N±I phase transition by

suppression of thermal cis±trans back-isomerization of the azobenzene moiety. Thus formation of the grating in

the PLC having the siloxane spacer could be achieved by low intensity of the interference light compared to

that in conventional PLCs including only alkyl spacers. Moreover, a grating with narrower fringe spacing could

be created by depression of propagation of perturbation due to trans±cis photoisomerization of the azobenzene

moiety in the LC phase.

Introduction

Much attention has been paid to materials for real-time
holography, in which writing and reading of optical informa-
tion could be performed at the same time, because of its
potential for optical communication and information pro-
cessing. In general, holography records spatial interference
patterns generated by the interference of two coherent beams.
The interference pattern induces a periodic change in refractive
index in the media, resulting in the formation of a so called
phase grating hologram. Therefore the property required for
real-time holographic materials is a large change in the
refractive index by light. For such a material, photoresponsive
liquid crystals (LCs) are some of the most promising materials
due to their large birefringence based on anisotropic molecular
alignment. A particularly exciting advance with respect to
holographic materials was reported by Wendorff et al. who
demonstrated the erasable hologram in polymer liquid crystals
(PLCs) containing photochromic molecules.1±4 Subsequently,
many studies relating to the real-time hologram by means
of low-molecular-weight liquid crystals (LMWLCs)5±16 and
PLCs17±19 have been reported by numerous researchers.

We have so far performed systematic studies on the nematic-
to-isotropic (N±I) phase transition of polymer liquid crystals
(PLCs) containing photochromic molecules such as azoben-
zene derivatives.20±29 These chromophores can change their
molecular shape upon photoirradiation, which leads to the
isothermal N±I phase transition (photochemical phase tran-
sition). For example, the trans forms of azobenzene derivatives
can stabilize the N phase due to their rod-like shape, while the
cis forms destabilize the N phase because their shape is bent.
Therefore, the trans±cis photoisomerization of the azobenzene
in the N phase can induce disorganization of the LC phase
structure. Furthermore, the N phase can be recovered by the
thermal cis±trans back-isomerization. Recently, the effect of
the structure of the side-chain spacer on the photochemical
phase transition behavior was explored in the PLCs.30,31 It was

found that introduction of siloxane units as the spacer
stabilized the phase structure of the LC phase and depressed
the propagation of the perturbation due to trans±cis isomer-
ization of the azobenzenes in the LC phase. For the real-time
holographic grating, these materials have several advantages in
comparison with the conventional PLCs with only alkyl
spacers. It is well known that the siloxane spacer results in a
decrease in the glass transition temperature and the phase
transition temperature of PLCs owing to its ¯exibility.32±37

Such properties will lower the irradiation temperature, leading
to the suppression of the cis±trans thermal back-isomerization.
Then the formation of the grating in PLCs with the siloxane
spacer will be achieved by light with weak intensity compared
to that in the conventional PLCs. Furthermore, formation of a
grating with a narrow fringe spacing, i.e., high resolution,
can be expected because of suppressed propagation of the
perturbation due to the cis-azobenzenes. In this paper,
formation of the real-time holographic grating by means of
PLCs with siloxane spacers in the side chains was investigated,
and the effect of the fringe spacing and the beam intensity on
the diffraction ef®ciency was evaluated.

Experimental

Materials

Fig. 1 shows the structure of the PLCs with a siloxane spacer in
the side chain (polymer 1) and the corresponding reference
analogue without the siloxane spacer (polymer 2) used in the
present study. The monomers were prepared according to the
synthetic method reported previously.30,38,39 Each pair of
monomers, in which the feed ratio of azobenzene monomers
was 25 mol%, and 2,2'-azobisisobutyronitrile (AIBN) were
dissolved in dry N,N-dimethylformamide (DMF) in a poly-
merization tube. The concentrations of the monomers and
AIBN were 500 mmol L21 in total and 25 mmol L21, respec-
tively. After degassing the mixture, the tube was sealed and
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heated at 60 ³C for 24 h with stirring. The reaction mixture was
then poured into excess methanol to precipitate the polymer.
The obtained copolymers, polymer 1 and polymer 2, were
reprecipitated twice from their toluene solution into excess
methanol and dried in vacuo for 24 h. The yields of the
polymerizations were 50±60%.

Characterization of PLCs

The composition of the copolymers was determined from a
peak intensity in the 1H-NMR spectrum of each monomer unit.
1H-NMR spectra were recorded on a Bruker AM-400 FT-
NMR (400 MHz) spectrometer using CDCl3 as the solvent.
The number- and weight-average molecular weights (Mn and
Mw) of the PLCs were determined by gel permeation
chromatography (GPC; Tosoh HLC-802A; column, TSK gel
G5000H6zG4000H6zG3000H6zG2000H6; eluent, tetrahy-
drofuran) calibrated with standard polystyrenes. The phase
transition temperature was measured by differential scanning
calorimetry (DSC; Seiko Electronic DSC-20 and SSC-580
thermal controller; heating rate, 10 ³C min21), and the phase
structure was determined by means of optical polarizing
microscopy (Nikon Microphot-UFX; Mettler FP-82 hot stage
and Mettler FP-80 central processor) and X-ray diffractometry
(MAC Science MXP3).

Film preparation. Polymer 1 and polymer 2 were dissolved in
THF at a low concentration (y1023 mol L21) and a small
portion of the resultant solution was cast on a glass substrate
which had been coated with polyimide and rubbed to align
mesogens. After the solvent was removed completely under
reduced pressure at room temperature, the PLC ®lms were
annealed for 12 h at a temperature just below the N-to-I phase
transition temperature to yield a monodomain of a well-aligned
N phase. The thickness of the LC ®lms was estimated as
y200 nm by absorption spectroscopy on the basis of molar
extinction coef®cients of the azobenzene moiety.

Measurement

Evaluation of photochemical phase transition behavior.
Fig. 2(a) shows the experimental setup used for evaluation of
photochemical phase transition behavior of the PLCs under
steady-state irradiation. The PLC ®lms were placed in a
thermostatted aluminum block and irradiated with an
unpolarized Arz laser at 488 nm (light intensity,
12 mW cm22). A He±Ne laser (633 nm) was used as a probe

light source and change in the light intensity transmitted
through a pair of crossed polarizers, with the sample between
them, was measured with a photodiode, and the data were
collected with a microcomputer.

Evaluation of formation of real-time holographic grating.
Fig. 2(b) shows the holographic experimental setup. The
grating was written by two unpolarized Arz laser beams at
488 nm [beam 1 and 2 in Fig. 2(b)]. Turning on and off the two
writing beams were controlled with a mechanical shutter with a
response time of v0.5 ms. Two writing beams with an equal
intensity were crossed in the sample ®lm, and produced an
interference pattern with a fringe spacing (L) which was
estimated by eqn. (1),

L~
l

2 sin h
�1�

where l is the wavelength of the writing beam, and h represents
an incident angle of the writing beam. Under this condition, the
resulting grating was the Raman±Nath (thin) grating regime,
which is known to generate multiple orders of diffraction.40 A
linearly-polarized He±Ne laser (633 nm) with weak intensity
was used as a reading beam [beam 3 in Fig. 2(b)], which was
incident normal to the surface of the polymer ®lm. Formation
of the phase grating was monitored by measuring the power of

Fig. 1 Structure of polymer liquid crystals used in this study and their
abbreviations.

Fig. 2 (a) Experimental setup for the measurement of the photo-
chemical phase transition behavior; (b) schematic illustration of the
experimental setup for the formation of the real-time holographic
grating.
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the z1-order diffraction beam [beam 4 in Fig. 2(b)] with a
photodiode, and the data were collected with a microcomputer.
The diffraction ef®ciency, g, was determined by the ratio of the
intensity of the diffraction beam to that of the reading beam.

Results and discussion

LC behavior of polymers

It was found that polymer 1 and polymer 2 exhibited liquid-
crystalline behavior as evidenced by the DSC measurements,
polarized microscopic observation and X-ray diffraction
measurements. Polymer 1 showed optically anisotropic proper-
ties between 8 ³C and 67 ³C, and no diffraction peak was
observed except for a broad halo around 20³ in the X-ray
diffraction pattern in this range of temperature. A similar
tendency was also observed for polymer 2 between 118 ³C and
131 ³C. Both polymers exhibited a nematic phase. Phase
structure and phase transition temperature of these PLCs are
summarized in Table 1. In polymer 2, an optically anisotropic
phase was also observed between 32 ³C and 118 ³C, at which
only a broad halo around 20³ was obtained in the X-ray
diffraction patterns. Details of this phase are not clear at the
present stage. It should be noted that the N±I phase transition
temperature of polymer 1 with the siloxane spacer was lower
than that of polymer 2 with only an alkyl spacer. It is suggested
that introduction of the ¯exible side-chain spacer effectively
decouples the motion of the polymer backbone from that of the
anisotropically aligned mesogens, resulting in a decrease in the
glass transition and the phase transition temperature of
polymer 1.

Photochemical phase transition behavior of PLCs

Before investigation of formation of the grating with the PLCs,
we con®rmed their photochemical phase transition behavior.
Fig. 3(a) shows the photochemical N±I phase transition and
the thermal I±N phase transition behavior of polymer 1 at
60 ³C. Before irradiation at 488 nm, a linearly polarized beam
at 633 nm from a He±Ne laser could transmit through a pair of
crossed polarizers, with the sample ®lm between them, because
of birefringence of polymer 1. The transmittance of the probe
beam decayed immediately on irradiation at 488 nm in the N
phase. This change in the transmittance indicates a decrease in
the birefringence, resulting from the production of domains
in which the N±I phase transition was induced by trans±cis
photoisomerization of the azobenzene moiety. The transmit-
tance of the probe beam recovered in about 10 min when
photoirradiation was ceased. This is caused by the thermal I±N
phase transition owing to the thermal cis±trans back-isomer-
ization of the azobenzene moiety. A similar behavior was also
observed for polymer 2 at 122 ³C [Fig. 3(b)]. However, the
degree of the N±I phase transition for polymer 1 was larger
than that in polymer 2. The photochemical N±I phase
transition is based on the orientational relaxation of mesogens
caused by photochemical reaction of the azobenzene moieties.
So the degree of the N±I phase transition is greatly affected by
the amount of cis-azobenzenes produced upon photoirradia-
tion. At present, there is a large difference in the irradiation
temperature between polymer 1 and polymer 2, which will
bring about the difference in the amount of cis-azobenzenes.

The amount of cis-azobenzenes at high temperature is smaller
than that at low temperature because of effective thermal cis±
trans back-isomerization. Then the photochemical phase
transition would not be effectively induced. The difference in
the N±I phase transition behavior, therefore, would be due to
the amount of cis-azobenzenes, resulting from the difference in
the irradiation temperature.

Table 1 Thermodynamic properties and molecular weight of polymer liquid crystalsa

Mn Mw/Mn Phase transition temperature/³C DHNI (kJ mol21)

Polymer 1 11 000 1.4 G 8 N 67 I 3.5
Polymer 2 13 700 1.3 G 32 X 118 N 131 I 1.7
aAbbreviations: Mn, number-average molecular weight; Mw, weight-average molecular weight; G, glass; X, unknown phase; N, nematic; I, isotropic;
DHNI, change in enthalpy of N±I phase transition.

Fig. 3 Photochemical N±I phase transition and thermal I±N phase
transition behavior of (a) polymer 1 and (b) polymer 2.

Fig. 4 Typical formation and removal of the holographic grating by
turning on and off two writing beams: (a), polymer 1; (b), polymer 2.
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Formation of real-time holographic grating

Formation of the holographic grating of polymer 1 and
polymer 2 was investigated at 60 and 122 ³C, respectively.
Fig. 4(a) shows typical curves of the dynamic change in the z1-
order diffraction ef®ciency for the thin ®lm of polymer 1 as a
function of time at the fringe spacing of 2.3 mm. Irradiation
of the sample ®lm with two writing beams (6.4 mW cm22)
increased the diffraction ef®ciency, which indicates that the
phase grating was created in the PLC ®lm by interference of the
two beams. The grating obtained could be removed gradually
by turning off the writing beams. A similar result was also
observed for polymer 2, as shown in Fig. 4(b). The grating in
these PLCs could be obtained only in the sample ®lm showing
birefringence, eliminating the possibility of the thermal and
population grating. Furthermore, it was found that the
birefringence of the PLC ®lm was decreased by production
of the I domains which were photochemically induced as shown
in Fig. 3. Therefore, such a formation of the grating would be
due to induction of the photochemical N±I phase transition at
bright regions of the interference pattern, leading to periodic
change in the refractive index. On the other hand, removal of
the grating would be achieved by recovery of the N phase due
to cis±trans thermal back-isomerization.

It should be noted that the diffraction ef®ciency of polymer 1
was smaller than that of polymer 2. In general, the diffraction
ef®ciency of index-of-refraction grating greatly depends on the
degree of change in the refractive index (Dn), the thickness of
the sample ®lm (d) and the wavelength of the reading beam (l),
as shown by eqn. (2).40

g~
pdDn

l

� �2

�2�

In the present system, d of the PLC ®lms was y200 nm and l
was 633 nm; consequently, the smaller diffraction ef®ciency of
polymer 1 may be closely related to Dn. The modulation of the
refractive index is based on the photochemical N±I phase
transition, so that Dn would depend on the degree of the N±I
phase transition. As mentioned above, the formation of the
grating with polymer 1 and polymer 2 was explored at 60 and
122 ³C, respectively, resulting in the difference in the degree of
the N±I phase transition between these PLCs. Therefore, the
difference in the diffraction ef®ciency would be attributable to
the difference in the photochemical phase transition behavior.

Next we evaluated the response time in the formation of the
grating of these PLCs. The response time was de®ned as the
time necessary to increase the intensity of the diffraction beam
to 90% of the saturated value. It was found that the response
time of polymer 1 and polymer 2 could be estimated as y30 s
and y4 s, respectively. To qualitatively compare the rate of
formation of the grating in both PLCs, the logarithmic plot of
the rise response of the diffraction intensity was determined
(Fig. 5). One can ®nd that the rate of formation of the grating
in polymer 1 is smaller than that in polymer 2, although the

amount of the cis-azobenzene in polymer 1 would be larger
than that in polymer 2. The photochemical phase transition is
composed of two processes: the photochemical trans±cis
isomerization of the azobenzene moiety and the orientational
relaxation of the mesogens. In previous studies, we reported
that the siloxane spacer scarcely affects the photoisomerization
behavior,30,31 so the difference in the rate of the PLCs may be
related only to the orientational behavior of mesogens. As
mentioned above, introduction of the siloxane spacer was
effective to lower the temperature range of the LC phase of the
polymers, in comparison with polymers having an alkyl spacer
with the same backbone component and mesogens. This would
be due to the low rotational energy barrier of the siloxane
linkage. In the PLCs with the siloxane spacer, the mesogens
would be aligned to stabilize the LC phase structure. Therefore,
propagation of perturbation due to trans±cis photoisomeriza-
tion of the azobenzene moiety in the LC phase would be
suppressed, resulting in the small rate of the progress of the N±I
phase transition.

Effect of incident angle of writing beams on grating

The effect of the incident angle of the writing beams on the
diffraction ef®ciency was investigated (Fig. 6). The incident
angle (h) of each writing beam was varied from 15 to 6³, leading
to the change in the fringe spacing from 0.94 to 2.8 mm.
The ef®ciency was in¯uenced by the fringe spacing and showed
the maximum value at the spacing of 1.6 mm in polymer 1. The
decrease in the diffraction ef®ciency at v1.6 mm may be
attributable to the disappearance of Dn, which results from a
decrease in the orientational order of the mesogens at dark
regions by perturbation of the N±I phase transition. On the
contrary, the origin of the decrease in the diffraction ef®ciency
at w1.6 mm is not clear at this stage. On the other hand, a
similar behavior was also obtained in polymer 2 without the
siloxane spacer. The diffraction ef®ciency, however, showed a
maximum value at the fringe spacing of 2.3 mm which was
wider than the spacing obtained in polymer 1. Such a difference
in the fringe spacing may be ascribed to the difference in
structure of the spacer. As described above, the propagation of
the perturbation of cis-azobenzenes in polymer 1 is suppressed
due to the stabilized alignment of mesogens by the ¯exible
siloxane spacer. Then the N±I phase transition induced at
bright regions would little in¯uence the alignment of mesogens
at dark regions. On the other hand, the perturbation of cis-
azobenzenes would be effectively propagated in polymer 2. So
the N±I phase transition caused at the bright regions would
affect the alignment of mesogens at the dark regions, resulting
in the formation of a grating with a wider fringe spacing.

Effect of intensity of writing beams on grating

The effect of the intensity of the writing beam on the diffraction
ef®ciency in polymer 1 and polymer 2 was evaluated at 60 and
122 ³C, respectively. The beam intensity at 488 nm was varied

Fig. 5 Plot of logarithm of normalized diffraction signal vs. time for
rise process: (a), polymer 1; (b), polymer 2.

Fig. 6 Effect of fringe spacing on diffraction ef®ciency of polymer 1
(#) and polymer 2 (+).
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from 0.41 to 25 mW cm22 by using neutral density ®lters. In
both PLCs, the diffraction ef®ciency was clearly affected by
the beam intensity, as shown in Fig. 7. In the present system, the
diffraction ef®ciency depends only on Dn which is based on
the N±I phase transition due to the trans±cis photoisomeriza-
tion of the azobenzene moiety. The amount of cis-azobenzenes
photochemically produced increases with increasing beam
intensity, leading to enlargement of the degree of the N±I
phase transition. Therefore, such dependence on the beam
intensity would be ascribed to the difference in the degree of the
photochemical N±I phase transition. It is worth noting that the
beam intensity dependence greatly differed between these
PLCs. In polymer 1, the grating could be created even at the
intensity of 0.41 mW cm22, while the intensity of
w6.4 mW cm22 was required to produce the grating in
polymer 2. This phenomenon can be explained in the same
way as Fig. 4. Namely, the irradiation temperature of polymer
1 is lower than that of polymer 2 because the N±I phase
transition temperature in polymer 1 is lowered from that in
polymer 2 by introduction of the siloxane spacer. Such a
lowering of the irradiation temperature brings about an
increase in the amount of cis-azobenzenes produced upon
photoirradiation, resulting in effective induction of the
photochemical N±I phase transition. Consequently, this
phenomenon is due to the difference in the N±I phase
transition behavior based on the difference in the irradiation
temperature.

Conclusion

In this article, the formation of a real-time holographic
grating based on the photochemical phase transition was
explored in the side-chain azobenzene PLC having a siloxane
spacer. The introduction of the siloxane spacer lowered the
N±I phase transition temperature of the PLC due to the
¯exibility of the siloxane units. This property resulted in a
decrease in the irradiation temperature, leading to effective
induction of the photochemical N±I phase transition follow-
ing an increase in the amount of cis-azobenzenes. Therefore
the formation of the grating in the PLC with the siloxane
spacer could be achieved by a lower intensity of the writing
beam than that in a conventional PLC including only an alkyl
spacer. Furthermore, a grating with narrower fringe spacing
could be created by suppression of the propagation of the
perturbation owing to trans±cis isomerization of azobenzenes
in the LC phase.
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