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ABSTRACT: A family of homopolymers and random copolymers consisting of an azobenzene (Az)-
containing methacrylate and hexyl acrylate were synthesized varying the copolymerization ratio. With
increasing the content of hexyl acrylate, the temperature range of the liquid crystalline (LC) state was
monotonously lowered. These polymer films were subjected to an exposure to the patterned irradiation to
evaluate the mass transport behavior. This approach revealed that the efficient mass migration is strongly
coupled with the thermal properties. Under the optimized conditions, two types of irradiation procedures
were adopted: (i) two-step irradiation involving theUV (365 nm) light illumination and subsequent patterned
visible light (488 nm of argon ion laser or 436 nm Hg line) and (ii) one-step patterned irradiation with UV
light.After the irradiationwith a photomak, the formermethod caused themass transfer from the illuminated
regions to shaded ones, whereas the latter led to the migration in the inversed direction. In both procedures,
themigration consistently proceeded at the boundaries from the smectic A phase regions to the isotropic ones
in the photochemically generated phase patterns. More general guidelines are proposed to exert the efficient
mass transport in the LC Az polymers by adjusting the polymer design and temperature.

Introduction

Since the discovery in 1995,1,2 the phenomenon of photo-
induced mass migration in azobenzene (Az)-containing organic
polymer films, leading to the surface relief formation, has been
attracting great attention of materials chemists and physicists.
This phenomenon is dubbed as photoinduced surface relief
gratings (SRG) or photoinduced surface relief (PSR).3-5 In this
process, the trans-cis photoisomerization taking place at a
molecule level is transformed to large-scale motions that reach
distances of somemicrometers. At the early stage of research, the
systems are mostly limited to amorphous Az-containing polymer
films;1-5 however, recent activities have been rapidly accumulat-
ing new knowledge, expanding to other types of materials
including amorphous low-molecular-mass compounds6,7 and the
surface of molecular crystals.8 In view of chemical design of
materials, many new attempts have recently been made. SRG
systems based on the supramolecular basis (noncovalent attach-
ment of the Az unit in the polymer design) are demonstrated,9,10

and the photochromic units other than Az, such as spiropyran,11

spyrooxazine,12 diarylethene,13 and hexaarylbiimidazole,14 have
also become fascinating targets in recent years. Not only pure
organic systems but also organic-inorganic sol-gel processes
have also been applied for the mass transfer of the films.15-18

Our work has been focusing onto liquid crystalline (LC) Az-
polymer materials for SRG formation.19-25 The mass migration
is completed at uncommonly small dose levels (<100 mJ cm-2),
which is 3 orders of magnitude smaller than those required for
conventional amorphous polymer films.19,20 Here the Az unit
providing a long lifetime of cis-isomer is employed, and thus the
photoirradiation with UV (365 nm) light leads to the smectic LC
to isotropic phase transition.22 The mass transport in the LC

polymers occurs at boundary areas between the smectic LC and
isotropic phases. Probably, the disparity in the viscosity and
surface tension at the boundaries will promote the mass transfer.
Besides the high sensitivity, the mass migration in the LC
polymers has characteristic features such as (i) the process is
insensitive to the light polarization,23 (ii) the motion continues
even after stopping the irradiation,24 and (iii) the motion is
initiated even by the sensitization from a dye absorbing longer
wavelength.22 All these facts support the interpretation that the
driving mechanism in the LC polymer systems is fully different
from that of the amorphous ones.25 The process involved in the
LC materials can be recognized as “phase transition type”. The
migration occurs basically as the thermal process via self-assem-
bly of the polymer material, and the electromagnetic effect
(gradient force) frequently considered for the amorphous sys-
tems1-5 is, if any, negligible.

Our initial approach required particular polymer designs,
namely, Az LC polymers embedding low-molecular-mass liquid
crystal19 and random copolymers containing a flexible oligo-
(ethylene oxide) side chain.20,21 Without such additional compo-
nents, the mass migration hardly occurs, which could be a
drawback in expanded applications. As readily expected, the
migration motions should be related to the thermophysical state
of the polymer. In this context, we attempted to synthesize a
family of polymers whose thermal properties are systematically
tuned. Here, random copolymers was obtained from two com-
ponents of an Az-containing methacrylate and hexyl acrylate
varying the copolymerization ratio (Figure 1, pAz(x), x=1.0,
0.96, 0.60, 0.38, 0.29, and 0.07, where x corresponds to the unit
content of Az), and these polymers were subjected to the mass
transport experiments. Since the glass transition temperature of
poly(hexyl acrylate) is -57 �C,26 the increased content of hexyl
acrylate is expected to lower the phase transition temperatures.
Another reason for the choice of hexyl acrylate is that this unit
contains a simple hydrocarbon chain without polar or reactive
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functional group(s). This “inert” unit should avoid secondary
complex effects such as strong molecular interactions and nano-
segregations. Based on the knowledge obtained in this approach,
more general view andversatility for the design andoptimizations
in the mass transfer systems via the photoinduced phase transi-
tion are obtained, which should be of great significance in further
practical applications.

Experimental Section

Materials. 4-Pentylaniline, phenol, and R,R0-azobis(isobutyro-
nitrile) (AIBN) were purchased from Kanto Kagaku Co. Ltd.
10-Bromo-1-decanol, methacryl chloride, and hexyl acrylate
were obtained fromTokyo Chemical Industries Co. Ltd. Synth-
esis of 4-(10-methacryloyloxydecyloxy)-40-pentylazobenzene
(5Az10Me) monomer was described previously.27

Polymerization. A typical polymerization procedure is des-
cribed as follows for the 50:50 molar feed ratio. 5Az10MA (0.5 g,
1.0 mmol), hexyl methacrylate (0.16 g, 1.0 mmol), and AIBM
(6.6 mg, 1.0 wt % of the total monomer) were dissolved in dry
tetrahydrofuran (THF, 5 mL) in an ample under a nitrogen
atmosphere. This mixture was degassed by freeze-pump-thaw
cycles three times. The ample was then sealed and heated at
80 �C while shaking in the dark for 20 h. The obtained polymer
was purified by precipitation fromTHF to hexane three times to
obtain a yellow powder.

The family of homopolymer and copolymers were synthe-
sized in the same manners. The molar feed ratio of [5Az10Me]:
[hexyl acrylate] was changed from 100:0 to 10:90 as listed in
Table 1. The resulting copolymerization rations are also sum-
marized in this table.

Methods. Fused silica plates used as substrates were cut in
10� 15mm size, cleaned by soaking in potassium oxide/ethanol
solution for 30 min under sonication, washed by immersing in
deionized water for 15 min twice, and finally dried by blowing
nitrogen gas.

The polymerwas dissolved in chloroform (1wt%) andpassed
through a Millipore membrane filter (pore size: 0.2 μm). This
solution was subjected to a spincast procedure at 2000 rpm for
30 s using a spin-coater Kyowariken K-359 S-1. The film was
then heated at 80 �C for 3min to remove solvents and anneal the

film. The film thickness was ca. 50 nm as revealed by AFM
measurement after scratching the film by a spatula.

Holographic recording was achieved by a single beam mode
(Lloyd arrangement) where half of the beam was reflected by a
mirror (M) set at a given angle. The intensity of recording beam
from an argon ion (Arþ) laser (Omnichrom 543R-AP-A01) after
passing through the collimating lens (CL) was 2 mW cm-2. The
angle between the twowriting beams was 7�, providing a grating
periodicity of 4 μm. The (p-,p-) mode interference was adopted.
As previously shown,23 the difference in the polarization mode,
i.e., (p-,p-) or (s-,s-), does not essentially influence the transport
behavior in our systems. The formation process of SRG was
monitored by the change in the first-order diffraction intensity
of a helium-neon (He-Ne) laser beam on the transmission side
using a photodetector.

Light irradiation (preirradiation with UV light and photo-
patterning with a photomask) was performed with a Hg-Xe
lamp (UV Supercure-203, San-ei Electronic) passing through an
appropriate optical filters (the combination of UV55 and UVD
35 (Toshiba) and Y-44 and V44 (Toshiba) for 365 and 436 nm
line, respectively).

Measurements. Gel permeation chromatography was per-
formed with a Shodex system (column: KF 803 and 805 L)
combined with a UV detector (UV-41) using THF as the eluent.
The molecular weight was calibrated by polystyrene standard.

1H NMR spectra were taken in CDCl3 on a JEOL JNM-
GSX270. The copolymerization ratio was evaluated by compar-
ing the integrated proton numbers of aromatic (Az) parts with
respect to the ester (-O-CH2-).

Differential scanning calorimetric (DSC) measurements were
undertaken using a SSC5100 (SII). The scanning rate was 2 �C
min-1 on the both heating and cooling process ranging from
-80 to 150 �C.

The texture of liquid crystal was observed with an Olympus
BH-2 polarizing optical microscope (POM) equipped with a
temperature controlling stage (Mettler FP-80). The images were
taken with a DP70 camera (Olympus).

X-ray diffraction (XRD) measurements were achieved with a
RigakuAX-G using a CuKR (0.154 nm) beam. The film sample
was placed on a fused silica plate, and the scattered beams were
observed on an imaging plate. (The temperature was changed
using a Mettler FP-80 stage.)

For ordinary measurements of UV-vis absorption spectra, a
Hewlett-Packard 8452A diode array spectrometer was used. To
obtain spectra at elevated temperatures under illumination,
homemade arrangements were achieved in the instrumentation
(see Results and Discussion). The light source and detector
employed were a DH-2000-BAL (Mikropack Inc.) and QE65000
(Ocean Optics Inc.), respectively. The probing light was guided
via optical fibers. Light irradiation for the photoisomerization
was performed from the side at an angle of 45� from the
horizontal plane; therefore, the light intensity was corrected
accordingly. Light intensity was evaluated using an Advantest
optical power meter TQ8210. For light irradiation and mea-
surements at elevated temperature, a PMC-730 (AS ONE)
temperature-controlling plate was used.

Topographical surface morphologies were observed by
atomic force microscopy (AFM) with a SII Nanopics 2100 in
the dynamic force mode (Cantilever NPX1CTP004).

Results and Discussion

Polymer Synthesis and Characterizaions. Synthesis. The
characterizations of the pAz(x) obtained by changing the
monomer ratio are summarized in Table 1. The resulting
copolymerization ratios (x) were estimated by 1H NMR
spectroscopy. The number-averaged molecular weight
(Mn) and the polydispersity (Mw/Mn) evaluated by GPC,
and the smectic layer spacing evaluated by XRD for film
samples are also shown in this table. As shown, the resulting

Figure 1. Chemical structure of a family of pAz(x) homo- and co-
polymers.

Table 1. Homo- and Copolymers of pAz(x) and Their
Characterizations

Aza:hexylb

polymer feed obtained yield/% Mn/�104 Mw/Mn

layer

spacingc/nm

pAz(1.0) 10:0 1.0:0 51 3.0 2.2 3.27e

pAz(0.96) 9:1 0.96:0.04 71 1.7 1.8 3.22

pAz(0.60) 5:5 0.60:0.40 58 1.6 1.6 4.37

pAz(0.38) 6:4 0.38:0.62 56 1.4 1.6 4.12

pAz(0.29) 4:6 0.29:0.71 61 1.6 1.6 f

pAz(0.07) 1:9 0.07:0.93 c 3.1 3.0 f
aAz-containing monomer. bHexyl acrylate. cRoom temperature.

dDifficult to evaluate precisely due to viscous liquid nature of the
polymer. eTaken from ref 29. fNo diffraction peak.
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copolymerization ratios approximately coincide with the
feeding ratios. The number-averaged molecular weight ran-
ged (1.4-3.1) � 104.

Thermal Properties. In the upper part of Figure 2, the
photographs of the polymers taken on a commercial digital
camera are displayed to show the appearance of the polymer
samples at room temperature. Polymers of the higher Az
contents (x=1.0 and 0.96) were obtained as fully dry yellow
powders. As decreasing the Az content, the surface of
powders looked slightly wet in appearance (x=0.60, 0.38)
and became sticky for x=0.29. In the extreme case of x=
0.07, the polymer was obtained as viscous liquid. Thus, by
simply observing the sample with naked eyes, one can
recognize that the content of hexyl acrylate monotonously
modifies the thermophysical state of the polymer.

In Figure 2, DSC profiles taken on the heating process for
the six polymers are indicated. In the profiles, the identified
phases by POM are also indicated. For the homopolymer
(pAz(1.0)), Tg was observed at 55 �C. Small and large
endothermic peaks were observed at 90 and 118 �C, respec-
tively. The polymer adopted the isotropic state above 118 �C
as revealed by POM observation. On the cooling process,
growth of b�atonnets in the isotropic melt28 was admitted,
indicating that the smectic A phase appears at 90-118 �C.At
55-90 �C, a broken fan-shaped texture, which is a charac-
teristic one for the smectic C phase, was observed in POM.
Below 55 �C, the texture was frozen to show the glassy state.

The effect of copolymerization with hexyl acrylate was
obvious even at a small content (4 mol %) as shown for
pAz(0.96). The transition to the isotropic phase became

broadened and lowered to 105 �C and the transition from
the smectic C to smectic A, and Tg was shifted to 50 and
24 �C, respectively.

The copolymerization withmore amount of hexyl acrylate
continuously shifted the transition temperatures to the lower
regions. Below x=0.60, the smectic C phase was not
admitted. For pAz(0.07), Tg was observed at -53 �C, which
almost agrees with a literature value for the homopolymer of
poly(hexyl acrylate),26 and no observable peak was admitted
at higher temperatures.

The film thickness used in this work was ca. 50 nm. The
thin state of the film may lead to some deviations in the
thermal properties from those estimated by DSC for bulk
polymermaterials. In this respect, the thermal phase changes
of thin films were monitored by UV-vis spectroscopic
measurements. According to the spectroscopic data, the
phase transition temperatures well agreed with those ob-
tained by the DSC measurements. Furthermore, the thick-
ness changes ranging from 50 to 200 nm did not alter the
behavior. It is thus assumed that the thermophysical proper-
ties obtained byDSC are essentially retained in the thin films
of 50 nm level.

XRD Measurements. The layer spacings of the smectic
phase at room temperature are listed in Table 1. The data can
be classified into three groups. The polymers providing the
layer spacing of 3.2-3.3 nm (pAz(1.0) and pAz(0.96)), that
of 4.1-4.4 nm, and no clear diffraction peak (pAz(0.29) and
pAz(0.07)). Together with the POM data, the layer spacing
for the first group reflects the frozen structure of smectic C
phase. In comparison with the molecular length of the Az
side moiety, the tilt angle can be estimated to be 45�. The
second group gave the larger layer spacing, which probably
reflects the smectic A without the molecular tilt. The clear
diffraction peak was not observed for pAz(0.29); however,
some highly disordered layer structures should be involved
because the POM provided the birefringent character of
smectic A phase. In the case of pAz(0.07), no regular
structure was formed judging from a dark field image of
POM observation.

Photoirradiation and Mass Transport Behavior. Initial
State before Irradiation.At the initial state of the films before
irradiation, the aggregation state of Az and its orientation
with respect to the substrate plane depended on the Az
content. The H-aggregates were partially formed in the films
for the polymerswith the higherAz contents. The absorption
maximumof the π-π* band exhibited hypsochromic shift to
320 and 325 nm for pAz(1.0) and pAz(0.96), respectively.
For the other films, the peak was positioned around 350-
352 nm, indicating the absence of H-aggregation. The rela-
tive absorption intensity ratio of the π-π* band of Az
(320-352 nm) to that of π-π* band of phenyl ring
(ca. 250 nm) in the transmission spectra can be a rough
indicator to estimate the orientation of trans-Az with the
substrate plane. According to this estimation, the Az meso-
genic units orient highly perpendicular to the substrate plane
for pAz(1.0), pAz(0.96), pAz(0.60), and pAz(0.38). In the
case of pAz(0.29), the orientation becamemore randomized,
and pAz(0.07) adopted a fully randomized orientational
state.

Such differences in the aggregation and molecular orien-
tation may affect the migration behavior as will be described
below; however, we infer that the initial aggregation state
and orientational order of Az are of less importance judging
from the following fact. The irradiation with 365 nm light
quickly destroys the Az aggregation at an early stage of low
cis-Az content. The migration is essentially initiated from
the nonaggregated and orientationally randomized state.

Figure 2. DSC profiles on the heating process for the family of pAz(x)
homo- and copolymers. The photographs of the upper part display the
appearance of polymer samples at room temperature. In theDSC chart,
the identified phases are indicated (iso: isotropic; SmA: smecticA; SmC:
smectic C; and g: glass state), and the hatched region corresponds to
room temperature (20-23 �C).
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For the thin films employed for the SRG formation (ca. 50 nm
thickness), the birefringent character was not admitted in the
polarized optical microscopic observation. However, it is
naturally assumed that similar domain structures are formed
even in the thin films as are observed for thicker ones (see
POM images in Figure 8 shown later).

Interference Laser Beam Irradiation at RoomTemperature.
Figure 3 indicates the inscribed SRG structures observed by
AFM for the films of pAz(0.96), pAz(0.60), pAz(0.29), and
pAz(0.07). In these experiments, a Lloyd-type interference
setup was constructed as displayed in the upper scheme of
Figure 3. The films were preirradiated with 365 nm light to
the photostationary (cis-rich) state, and subsequently the
interference argon ion laser beam (488 nm, 2.0 mW cm-2)
was irradiated. As clearly shown, the modulation depth
(depth from the top to valley) strongly depended on the Az
content. Large modulation depths were obtained for pAz-
(0.60) and pAz(0.29). The modulation depth significantly
reduced for pAz(0.96), and virtually no relief formation
was observed for pAz(1.0) (data not shown). Also in the
case of pAz(0.07), no surface relief structure was recognized.

The asymmetric shape particularly seen for pAz(0.60) film in
the relief structure was not reproducible and can be regarded
as an artifact. The shape asymmetry could be caused by
subtle experimental setup conditions.

Since the trans-to-cis photoisomerization underwent suffi-
ciently at the photostationary state (cis content >80%) for
all polymer films, the difference in the transport behavior can
be ascribed to the physical state of the trans-Az state. pAz-
(0.60) and pAz(0.29) show the smectic A phase at room
temperature. The relief structure was efficiently formed for
pAz(0.38) in the samemanner (data not shown). In contrast,
pAz(0.96) and pAz(0.07) are in the different physical state at
room temperature; i.e., the former is in a frozen glassy state
preserving the smectic C structure and the latter the iso-
tropic (liquid) one. In Figure 3, the hatched area in the DSC
chart displays the room temperature region. Therefore, it is
assumed that the efficient transport at room temperature
occurs when the trans-Az film is in the smecticA phase at this
temperature.

By monitoring the first-order diffraction intensity of
He-Ne laser beam, the transient and more quantitative

Figure 3. SRG formation by irradiation with interference argon ion laser beam. Topographical AFM images and height profiles are shown. Four
polymer films with different thermophysical properties, pAz(0.96), pAz(0.60), pAz(0.29), and pAz(0.07), were employed. In the upper part, the
experimental setup (Lloyd-type interference arrangement) is depicted. CL and SF indicate collimating lens and scattering filter, respectively.
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evaluations could be available. Figure 4 shows the time
course profiles under the exposure to the interference laser
beam (2.0 mW cm-2) at room temperature for the six
polymers. The irradiation was intentionally stopped at
150 s. The inset in each figure depicts the magnified profiles
at the initial stage. On the basis of the time-course profile
features, the polymers are again classified into three groups.
(i) pAz(1.0) and pAz(0.96): The rise in the diffraction in-
tensity is negligible (x = 1.0) or insufficient (x = 0.96).
The mass transfer was not effectively induced. For these
two polymers, the smectic A phase appears at higher tem-
peratures (>50 �C) in the trans-Az state. The mass transfer
occurred partially for pAz(0.96) since the segmental motion
of the polymer chain is not fully frozen (Tg=24 �C near
the room temperature). (ii) pAz(0.60), pAz(0.38), and pAz-
(0.29): As also indicated in Figure 3, these polymers were
most suited for SRG formation where efficient mass transfer
takes place. These polymers adopt the smectic A phase at
room temperature in the trans-Az state. The diffraction
intensity is retained at high levels even after stopping
the irradiation, indicating that the viscosity of the polymer
in the trans-rich state of Az is sufficiently high to preserve the
relief structure. (iii) pAz(0.07): The mass migration was
negligible, and after stopping the irradiation, the small
diffraction intensity immediately diminished (see the inset
for pAz(0.07)).

Therefore, it is concluded from the AFM observations
(Figure 3) and time-course diffraction profile data (Figure 4)
that the efficientmassmigration occurs for the polymer films
when they adopt the smectic A phase in the trans-Az state at
room temperature, namely the frequently adopted ambient
experimental condition. This issue is in agreement with our
former results that the previous Az LC polymer copolymeri-
zed with an oligo(ethylene oxide) unit shows the smectic A
phase at 16-85 �C.21

Themassmigration wasmostly completed at 300mJ cm-2

(2 mW cm-2, 150 s). Further irradiation such as 2000 mJ
cm-2 did not essentially changed the relief structure as far as
the same intensity condition was employed.

Photomask Irradiation with Hg Lamp at Elevated Tem-
peratures. According to the above aspect, the efficient mass
migration may occur even for the pAz(1.0) and pAz(0.96)
when the photoirradiation is performed at higher temp-
eratures where the polymers adopt the smectic A phase.
Therefore, our efforts were next shifted to the irradiation
experiments using a photomask, which enables facile photo-
patterning procedures at controlled (higher) temperatures.
Further, the photomask experiments have the advantage
that the migrating direction can be easily recognized by a
comparison with characteristic patterns of the mask.

Two methods were employed for the photopatterning,
which are schematically illustrated as methods A and B in

Figure 4. Time course profiles of the first-order diffraction of He-Ne laser beam to evaluate the SRG growth for all polymers. In the ordinate axis,
the first-order diffraction intensity is expressed simply by the voltage of the detector. The irradiation with argon ion laser beam is stopped at 150 s.
The insets indicate the magnified profiles at the initial stage.



4110 Macromolecules, Vol. 43, No. 9, 2010 Isayama et al.

Figure 5. Method A is basically the same procedure adopted
for the laser beam experiment described previously.19-24 The
spin-cast film of pAz(x) was first irradiated with UV light
over the whole area and then photopatterning with a photo-
mask was achieved with visible line (436 nm) of Hg lamp.
Method B involves only a single patterned irradiation
with UV light (2 mW cm-2) at a controlled elevated tempera-
ture. In both cases, the spatial micropatterns consisting of
smectic A and isotropic phases will be formed on the Az
polymer films.

The polymer of pAz(0.96) with higher Tg was employed
for the photomask pattern experiments to verify the validity
of the temperature control. The photomask possessed a
figure “8” and line (10 μm)-and-space (15 μm) patterns. In
Figure 6, themask patterns (a), top viewAFMtopographical
images of the surface relief morphology formed bymethodA
at 80 �C (b), andmethodB at room temperature (c) and 80 �C
(d) are depicted. At 80 �C this polymer shows the smectic A
phase in the trans-Az state.

InmethodAat 80 �C, an efficientmassmigration occurred
as expected in a similar fashion as observed for p(0.60),
p(0.38), and pAz(0.29) and the previous polymer systems at
room temperature.19-21 In method B, under the UV irradia-
tion conditions employed, only slight relief formation was
observed at room temperature (c), whereas an efficient and
large mass transfer was observed at 80 �C (d), leading to the
sufficient surface relief formation. These results strongly
support the assumption drawn above that the mass migra-
tion efficiently takes place when the temperature condition is
properly adjusted whatever the polymer material is. In other
words, the special polymer design is not a requisite, butmany
types of LC Az polymers should be applicable when the
pattern irradiation is performed at a proper temperatures
where the polymer adopts the smectic A phase.

The polymer migration occurred from the irradiated
regions to shaded ones in method A (see b), and in contrast,
just the reversed motions were observed in method B (see d).
To check the transport direction, the topological feature of
two shaded rectangular spots in the center of figure “8” is of
use. The film material in the two rectangles was up-lifted
than the surroundings for method A (Figure 6b) and, in
contrast, down-leveled in method B (Figure 6d). These
apparently contrasting motions are consistently understood
by the situation that the mass migration takes place at the
boundary from the smectic A regions to isotoropic ones (see
the phase state in Figure 5). Consequently, light can induce
motions of both directions with respect to the photomask

window by choosing the wavelength. It is to be noted that
method B led to more precise relief morphologies with less
distortions (compare b and d in Figure 6). This can be
explained by the fact that the fluidization by UV irradiation
occurs locally within a firm matrix of smectic A phase for
method B. InmethodA, on the other hand, the local fixation
occurs by visible light irradiation within a fluid matrix of
isotropic phase, which should cause larger morphological
deviations from the mask pattern shape.

Photoisomerization and Phase Transition Behavior at
Higher Temperature. Our scenario on the mass migration is
based on the photoinduced phase transition form the smectic
A phase to isotropic one. It is of essence to confirm whether
the trans-to-cis photoisomerization actually undergoes to
sufficient levels at elevated temperatures for the induction of
the phase transition to the isotropic phase. For this purpose,
UV-vis spectroscopic and POM measurements were made
at 80 �C.

Figure 7 depicts themodified instrumentation forUV-vis
spectroscopic measurements in the heated conditions
(upper) and spectral changes of pAz(0.96) film upon UV
light illumination (365 nm, 0.28 mW cm-2) at 80 �C (a) and

Figure 5. Schemes of the photopatterning procedures with a photo-
mask. Method A: patterning with visible light after preirradiation with
UV light. Method B: direct photopatterning with UV light.

Figure 6. Top view topographical AFM images and height profiles
along the line shown in the image for pAz(0.96) film after photoindi-
cription bymethodsA andB. The pattern of photomask is shown in (a).
AFM images of the pAz(0.96) film after photopatterning by method A
at 80 �C (b), after photopatterning by method B at room temperature
(c), and at 80 �C (d). The height profile of each figure was taken along
the white line. Note that the surface concavo-convex features are
reversed between the two methods with respect to the photomask
pattern (compare (b) and (d)).
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during the thermal back-reaction without irradiation at the
same temperature (b). These spectral shapes do not express
the actual ones because the wavelength region shorter than
350 nm was cut off by an optical filter. Nevertheless, these
spectral changes provide sufficient information on the extent
of photoisomerization. At the photostationary state of
365 nm irradiation at 0.28 mW cm-2, the content of cis
isomer reached ca. 50%. Since the accumulation of cis isomer
is the competition with the thermal back-reaction, the cis
content at the photostationary state depended on the light
intensity. Irradiation at 1.0 mW cm-2 gave a cis content of
70-80%. (The UV light irradiation for the mass transfer in
the previous section was performed at 2 mW cm-2, and the
cis content should be larger than this.) According to our
previous study,22 the smectic A to isotropic phase transition
is brought about when the cis isomer is accumulated above
ca. 40%. Thus, the spectral data suggest that the phase
transition should be induced in these irradiation conditions.
For the thermal back-reaction (b), the spectrum reverted to
that of pure trans-Az isomer within 600 s.

The upper scheme of Figure 8 shows the scheme of setup
for POM observations at elevated temperatures. As indi-
cated in Figure 8a, the smecticA to isotropic phase transition

was in fact induced at 80 �CuponUV light irradiation.At the
initial state, the film of pAz(0.96) exhibited a sandlike texture
composed of birefringent LCmultidomains, a typical feature
observed for side-chain polymer LC polymer. Upon UV
light irradiation, the POM image became darker with time
and eventually to a fully dark one after 40 s at 0.28mW cm-2

(a). The dark image recovered to the initial texture while
keeping at 80 �C. In (b), the POM image after spot irradia-
tion (350 μm diameter) was shown. A distinct dark region
appeared selectively at the irradiated spot due to the pro-
ceeding of the photoinduced phase transition. Of course, the
UV irradiationwith larger energy dose led to the faster phase
transition. The data of rather small dose (0.28 mW cm-2)
was selected just for a comprehensive demonstration.

These spectroscopic and POM observations provide the
clear evidence for the photoinduced phase transition of the
pAz(0.96) film at the high temperature, and rationalize the
occurrence of the efficient mass transport, as was observed
for pAz(0.60), pAz(0.38), and pAz(0.29) in this study and
those reported previously20,21 at room temperature. It is
assumed that, when the thermal back-reaction becomes too
fast at higher temperatures, the induction of phase transition
to the isotropic phase will be suppressed. In such cases, more
intense UV light will be required.

Superimposed Inscription. In method A, superimposed
inscription is unavailable in principle since the preirradiation
with UV light fully erases the former relief structure due to

Figure 7. Schematic illustration of a setup for observation of UV-vis
absorption spectral changes under illumination at elevated tempera-
tures (upper) and absorption spectra under UV light illumination
at 0.28 mW cm-2 for 0-200 s (a) and in the dark for 0-400 s after
stopping UV illumination (b) at 80 �C.

Figure 8. Schematic illustration of a setup for POMobservation under
illumination at elevated temperatures (upper). In the figures, changes in
the POM image with time under UV light irradiation at 0.28 mW cm-2

for pAz(0.96) film (a) and image after spot UV illumination (diameter:
350 μm) of the same film at 80 �C are shown. The dark region
corresponds to the photoinduced isotropic phase.
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the surface tension in the fluidized cis-rich isotropic state.21

In contrast, the overwriting procedure should make sense in
method B. Figure 9 indicates an example of superimposed
inscription at room temperature using a pAz(0.60) film. The
first inscription was made with a striped photomask in the
vertical position of the figure. Subsequently, the second
irradiation was performed with the stripe rotated at ca. 80�
of the first irradiation. In this way, the overwriting procedure
with UV irradiation was successfully achieved. In general,
this type of overwriting process gives an emboss structure
with uniform height in a cubic arrangement.4,16 In contrast,
the morphology feature of the relief obtained in this case is
characterized by line stripes inscribed by the second irradia-
tion and aligned dots existing between the lines which are the
residuals of the first inscription. Thus, the morphology due
to the first irradiation is fully rewritten at the local regions
by the second inscription, which can be a particular feature
observed in the highly mobile migration system of soft
LC system.

Conclusions

The phototriggered mass migration behavior was examined
using a series of random copolymers consisting of an LC Az side
chain and a hexyl group with varied copolymerization ratios.
This approach revealed the important roles of the thermophysical
state of the polymer in the phototriggered mass migration. The
efficient migration proceeds when the smectic A (trans-Az state)
to isotropic phase (accumulated cis-Az content) transition
properly occurs. The optimized conditions can be adjusted by
both polymer design and temperature control. Since the polymer
design and synthesis are rather tedious, the temperature control
should be a more versatile strategy. In the photopatterning

procedure with a photomask, the irradiated regions can be dents
(likewise positive-type photoresists) or projections (negative-
type) depending on the wavelength light irradiation. In addition
to the rewritable nature, this discrimination can be one of the
marked features of mass migrating systems, which is unavailable
in development-based resist materials. When UV light is emp-
loyed for the micropatterning, the superimposed inscription
could be further feasible. The knowledge obtained in this work
will largely extend the possibility of applicable materials in the
exertion of phototriggered mass transfers systems based on
the photoinduced phase transition. The materials choice is not
be limited to organic polymer systems but can be extend to LC
organic-inorganic hybrids.17,18
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Figure 9. Resulting surface relief structure after superimposed inscrip-
tion of pAz(0.60) film using a line (10 μm)-and-space (15 μm) photo-
mask.Upper and lower images indicate the top view and bird’s-eye view
of the topographical AFM image. The mask pattern is displayed in the
upper left, and the irradiation was performed as indicated.


