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The dynamic motions of molecular assemblies are essential in
biological systems and in some functional materials and
devices. For technical applications, the liquid crystal (LC)
display is a typical example; LC displays are based on the
dynamic alignment switching of LC molecules driven by an
electric field. Over the past two decades, significant research
efforts have led to the establishment of a light-driven
alignment method for LC materials.[1–6] When linearly polar-
ized light (LPL) irradiates an LC polymer film that contains
a rod-like photochromic unit such as azobenzene (Az), the
mesogenic groups reorient in a cooperative way to a non-
excitable direction, specifically, the direction orthogonal to
the electric vector (E) of the actuating polarized light.[1–6] The
mesogenic units can be further reoriented by irradiating with
LPL from another E direction. On the other hand, macro-
scopic actuators consisting of photochromic LC polymers
have recently become an active area of research. They show
large and reversible shape deformations in response to
light.[7–10] The cooperative motions of LC units within the
aligned materials lead to macroscopic deformations. Some
bending deformations reflect the direction of the LPL used
for the irradiation.[8, 9]

Despite the accumulated knowledge concerning the
previously discussed light-driven materials, photoresponsive
systems that have an intermediate “mesoscopic” feature size
(typically 10–100 nm) remain an underexplored area. Such

structures are readily available by the microphase separation
(MPS) of block copolymers.[11] These size regions are
expected to play important roles in the development of low-
cost processes that exceed the limitations of ordinary photo-
lithography.[12, 13] Thus, numerous investigations have been
conducted to manipulate the mesostructures of block copoly-
mers.[12, 13] However, the efforts to date have mostly been
limited to the construction of static fixed structures attained
by directed assembly using for example patterned surfaces,[14]

mechanical flow,[15] electric fields,[16] or magnetic fields.[17]

Only a few attempts have been made to alter the MPS
structure by external stimuli.[18–22] Herein, the dynamic
reorientation process of an MPS mesostructure was pursued
under application of external electric fields[21, 22] using in situ
scanning probe microscopy and synchrotron X-ray scattering
measurements. The elucidation of the light-induced reorien-
tation processes of the MPS morphology of a block copolymer
remains a challenging problem.

Our previous experiments have shown that a diblock
copolymer, which consists of polystyrene and an LC Az-
containing polymer block, is able to alter the orientation of an
MPS cylinder structure (distance between the cylinders: ca.
32 nm) of coiled polystyrene domains in response to LPL.[19]

Herein we report time-resolved in situ measurements of the
photoinduced alignment changes of both smectic LC Az
layers and a mesoscopic coiled polymer domain array by X-
ray scattering from a synchrotron radiation source. The strong
cooperative motions between the hierarchies of the constit-
uents of photoresponsive molecules and mesoscopic MPS
domains are revealed by this approach.

In our previous work on a polystyrene-based polymer
(glass transition temperature (Tg) of polystyrene = 102 8C),
the photoalignment procedure required both LPL irradiation
and annealing followed by successive slow cooling; real-time
monitoring was therefore not feasible.[19] In the present study,
a newly synthesized Az LC block copolymer containing
poly(butyl methacrylate) (PBMA, Tg = 20 8C) instead of
polystyrene was employed (Figure 1 a; P5Az10MA43-b-
PBMA70). This diblock copolymer formed the amorphous
cylinders in the Az LC block matrix in the MPS structure, as
determined by small-angle X-ray scattering measurements
(Supporting Information, Section S3-3). The LC phases and
thermal properties of P5Az10MA43-b-PBMA70 were evalu-
ated using differential scanning calorimetry (DSC), thermal
optical polarized microscopy, and X-ray diffraction measure-
ments (Supporting Information, Section S3-2). P5Az10MA43-
b-PBMA70 exhibited a Tg of 55 8C, which is identical to that of
the P5Az10MA homopolymer. This result indicates that the
PBMA and Az LC blocks were phase-separated from each
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other. The P5Az10MA domain has a smectic C phase (ca. 55
to 90 8C), smectic A phase (90 to 115 8C), and isotropic phase
at temperatures above 115 8C.

Thin films (ca. 200 nm in thickness) were prepared by spin
coating from a chloroform solution and successive annealing
of the films at 120 8C for 5 minutes for full evaporation of the
solvent. The films were then slightly cooled to 95 8C, at which
temperature P5Az10MA adopts a smectic A phase, and
irradiated with LPL of 436 nm visible light at 1.0 mWcm�2

through an optical polarizer.
UV/Vis spectroscopic data and morphology observations

are displayed in Figure 1b–d. An as-annealed film exhibited
no in-plane anisotropy of the Az mesogen orientation, which
was confirmed by polarized absorption spectroscopy (black
curve, Figure 1b). This result suggests that a polydomained
film was formed. After LPL irradiation for 300 s
(300 mJcm�2), a large dichroism was induced at the p-p*
transition band of the Az mesogen at about 340 nm (red and
blue). Successive LPL (second LPL) irradiation from the
orthogonal position at the same temperature switched the in-
plane anisotropy to the orthogonal direction (Figure 1c). In

both cases, the absorbance band observed with a polarizer set
orthogonal to the electric field vector E of the LPL became
remarkably larger than that obtained with the polarizer in the
parallel position. These results show that the Az mesogen was
uniformly aligned (Figure 1b) and then switched to align
orthogonal to the LPL polarization direction (Figure 1c) and
both cases exhibited a highly ordered in-plane anisotropy of
the Az–mesogenic groups.

Cross-sectional transmission electron microscopy (TEM)
observations of the aligned film sliced in directions parallel
and orthogonal to the LPL direction revealed uniaxially
aligned MPS cylinders in the photoaligned film (Figure 1 d).
Dot-like and stripe morphologies were observed in the cross-
section when the films were sliced in the directions parallel
and orthogonal, respectively, to the E vector of the LPL. Thus,
the TEM images clearly demonstrate the uniaxial alignment
of the PBMA cylinders directed orthogonal to the LPL
direction. Based on these data, the LPL irradiation of the Az
LC phase and the PBMA cylinders in the P5Az10MA43-b-
PBMA70 film induces a hierarchical structure (Figure 1e).
These reorientations were possible when the temperature was
within the range of the smectic A phase of P5Az10MA. Upon
irradiation at temperatures below 80 8C, which corresponds to
the smectic C phase, photoswitching of the dichroism became
significantly slower and required more than 1000 mJcm�2

(1000 s), even though the procedure was performed at
temperatures above the Tg of both block segments. This
result probably came from an unfavorably high order and
viscosity of the Az layer domains in the smectic C phase.

We further evaluated the hierarchical structure by grazing
incidence small-angle X-ray scattering (GI-SAXS) measure-
ments at the BL-15A beam line of the Photonfactory (KEK-
PF) in Tsukuba, Japan. A monochromated X-ray radiation
source at a wavelength l of 0.150 nm was used, and the
detection was performed with an X-ray CCD detector with
a 150 mm diameter X-ray image intensifier. The GI-SAXS
measurement was conducted with sample-to-detector lengths
of 1340 mm for the LC phase (0.5 nm�1< q< 3 nm�1, q = 4p-
(sinq)/l, where q is the scattering vector and 2q is the
scattering angle) and 2250 mm for the MPS cylinder structure
(0.06 nm�1< q< 0.7 nm�1). The two-dimensional scattering
images are shown in Figure 2. When the incident X-ray beam
was set parallel to E of the first LPL irradiation (beam I), two
diffraction spots corresponding to the Az smectic LC phase
were observed in the in-plane position from the direct beam
in the GI-SAXS pattern (q = 1.87 nm�1, d = 3.36 nm, white
arrows in Figure 2 a), and no scattering was seen with beam II.
In contrast, the scattering peaks in the smaller region that
correspond to the hexagonal PBMA cylinders appeared in the
position above the in-plane line (q = 0.22 nm�1, d = 27 nm)[23]

only when the X-ray angle of incidence was set orthogonal to
E (beam II, yellow arrows in Figure 2b). The scattering spots
that correspond to the MPS cylinder were detected near the
edges of the beamstop to avoid the direct specular beam in
the two-dimensional image of beam II in Figure 2a.

After successive irradiation with the direction rotated by
90 degrees (second LPL, 436 nm, 1 mWcm�2 for 300 s), this
scattering anisotropy was fully switched to the opposite
direction (Figure 2c,d). The scattering behaviors agree with

Figure 1. a) Molecular formula of P5Az10MA43-b-PBMA70. b) UV/Vis
absorption spectra of a spin-cast film of P5Az10MA43-b-PBMA70 before
illumination (black) and after illumination with 436 nm LPL, detected
with the probing beam parallel (red) and orthogonal (blue) to E of the
actuating LPL light. c) UV/Vis absorption spectra of the reoriented film
attained by irradiation with 436 nm light set orthogonal to the initial
alignment. The blue and red spectra were taken with the same probing
beam used for (b). d) TEM images of cross-sections taken in direc-
tions parallel and orthogonal to E of the LPL used for irradiation.
e) Depiction of the uniaxially aligned Az LC layer (yellow) and
cylindrical domains of PBMA (blue) by LPL irradiation.
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the TEM images and the model in Figure 1e. These results
indicate that the macroscopic photoswitching of the Az
smectic phase and the PBMA cylinders is attained over the
whole film area by irradiation with LPL. The alignment
change is induced simply by LPL irradiation, at a constant
temperature of 95 8C, without the annealing and cooling
procedures that were necessary for the polystyrene-based
block copolymer.[19] This fact allows for the time-resolved
monitoring of the X-ray profiles, as discussed below.

At the molecular level, time-resolved measurements have
provided valuable information about the reorientation of LC
molecules;[24, 25] however, no information has been reported
regarding the reorientation process of hierarchically struc-
tured LC block copolymer systems. Our efforts therefore
focused on the acquisition of GI-SAXS profiles at the
transient state of reorientation. Our setup, which combined
the synchrotron radiation source with the CCD/intensifier
system, enabled a highly sensitive GI-SAXS measurement to
be attained in one second. The dynamic alternations in the
two-dimensional scattering image were accumulated over
time.[26] Figure 3 shows the timecourse changes of the
extracted in-plane scattering profiles under LPL irradiation
at 95 8C. For an initial photoaligned film, the film specimen

was positioned such that the scattering peak intensity of the
PBMA cylinders (d = 27 nm) became maximal (Figure 3a,
0 s), at which the diffraction from the orthogonally formed
smectic layer of the Az block was negligible (Figure 3b, 0 s).
Upon irradiation with 436 nm LPL with E set parallel to the
Az chromophore (specifically, in the direction parallel to the
PBMA cylinders) the scattering peak of the PBMA cylinders
rapidly disappeared in the early 20 s. The increase of the
scattering corresponding to the Az smectic layer (q =

1.87 nm�1, d = 3.36 nm) started to appear after ca. 50 s and
produced a saturated state after 200 s (Figure 3b), which is
overall a slower process. Next, the second LPL irradiation
with the polarizer rotated in the direction orthogonal to the
initial direction was performed, which led to the opposite
transition behaviors. In this case, a rapid decay of the Az LC
peaks (Figure 3d) and a gradual increase in the peak from the
cylinders (Figure 3c) were detected in the larger (cylinder

Figure 2. Charge-coupled device (CCD) camera images taken by GI-
SAXS measurements with the BL-15A beam line at KEK-PF. In-plane
diffractions corresponding to the LC Az layer taken with beam I or
beam II (a) and in-plane scattering corresponding to the cylinder
domain distance of PBMA (b) for the initially photoaligned film shown
in the top-left scheme. The CCD images in the same setup config-
uration (c and d) taken after a second irradiation with LPL (436 nm,
300 mJcm�2) at 95 8C. Note that the in-plane scattering spots at wider
(white arrows) and narrower (yellow arrows) angles are fully reversed
with respect to the beam direction, which indicates the complete
switching of the uniform alignment of both the LC Az layer of
P5Az10MA and the direction of the PBMA cylinders.

Figure 3. Time-resolved in-plane scattering profiles taken under irradi-
ation with LPL, with E set parallel to the Az mesogenic group at 95 8C.
a) Decay of the peak because of loss of order in the PBMA cylinder
array. b) Enhancement of the peak because of ordering of the LC Az
layer of P5Az10MA. c),d) The corresponding reversed process under
irradiation with E set orthogonal to the initial direction of irradiation.
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domain) and smaller (LC layer) regions. The scattering from
the Az LC layer during the decay process exhibited a slight
shift to a wider spacing (Figure 3d, d from 3.36 to 3.53 nm),
which suggests that the fluctuation of the smectic LC phase is
enhanced by LPL irradiation because of a slight population
increase of the cis-Az isomer. The molecular packing state of
the Az mesogenic groups is probably somewhat loosened in
the smectic A phase.

Using the above method, the enhancement and decay
processes of the scattering peaks from the Az smectic layer
and the PBMA cylinders were followed with satisfactory
accuracy by the time-resolved synchrotron radiation setup.
We expect that this method of time-resolved GI-SAXS
measurements will be important for the evaluation of many
other types of dynamic processes and molecular motions that
occur in thin films. In Figure 4, time courses of the intensity
changes in the normalized peaks of the decay (a) and
enhancement (b) processes for the LC Az layer and the
PBMA cylinders are compared. Most interestingly, the
profiles of the intensity changes from the LC phase and the
cylinder array essentially overlap each other in both process-
es. These data indicate that both events, at different hierar-
chies, occur simultaneously in a strongly cooperative manner.
Peaks from both the LC layer and the PBMA cylinder array
formations started to become enhanced about 50 s after the
decay processes of the initial alignment was completed. In this
experiment, the light intensity of the actinic LPL was changed
from 0.5 to 2.0 mW cm�2, but the dynamics of the peak
enhancement (structure reformation) process were hardly
affected. This result shows that the light-energy dose for the
reformation is sufficient, as supplied by the photon doses of
the above range. Thus, the rate of structure formation seen
here reflects the intrinsic assembly dynamics of the block
copolymer at the observed temperature.

The reorientation was performed by irradiation with
visible light (436 nm) at 95 8C. This result shows that most of
the Az units are in the trans form when adopting the
smectic A phase. In fact, the polarized optical microscopy
images revealed that the film shows a birefringent nature at

the intermediate state. Thus, the orientation transition should
occur with retention of the smectic A phase. The LPL
irradiation for the orthogonal reorientation (E parallel to
the MPS cylinder) probably first induces defects (dislocations/
disclinations) in the initial MPS structure that correspond to
the fast decay of the X-ray scattering. Such defects are then
gradually diminished as the cylindrical MPS structure grows
in the orthogonal direction, which is seen as the slower
progression in the X-ray scattering profile. Schmidt et al.[27]

conducted in situ synchrotron SAXS measurements and
a computer simulation of data for the mechanism of the
reorientation of a solvent-swollen block copolymer driven by
an electric field. They proposed that the reorientation
mechanism involves a domain nucleation and growth process
or a grain rotation, either of which could also apply to our
system. Other approaches, such as the molecular mass
dependence of the block copolymer and microscopic mor-
phological observations in the transient state, are urgently
required. A precise understanding has not been acheived, and
work to elucidate the mechanism is underway.

To date, various types of directed assembly procedures for
block copolymer films have been demonstrated.[14–17] In such
cases, the block copolymers themselves exhibit no ability to
align their MPS patterns. Thus, the MPS alignment is achieved
passively, and the resultant MPS morphologies are fixed. In
contrast, the introduction of the photoresponsive Az to the
LC domains allows the active control of the MPS alignment.
In Figure 5, the MPS structure could be readily reoriented
many times. Mesoscaled structures formed by block copoly-
mers can be useful templates for the patterning and alignment

Figure 4. Time-course profiles of the scattering intensity normalized to
the maximum of each peak in Figure 3. a) Decay processes from the
loss of periodically ordered structures of both the smectic Az LC (open
circle) and the PBMA cylinders (closed circle) examined with the
appropriate X-ray beam direction (orthogonal with each other for the
two hierarchical structures). b) Enhancement processes ascribed to
the ordering of the periodicity of the two hierarchical structures.

Figure 5. Orientational order parameter of the Az mesogenic group in
the film altered by successive LPL irradiation with E orthogonal to the
previous direction. The order parameter is defined as (A?�Ak)/(A? +

2Ak), where A? and Ak are the absorbance detected with the probing
beam set orthogonal and parallel to E of the initial LPL used for
irradiation, respectively. The alternation of negative and positive signs
indicates the repeated orthogonal reorientation of the system.
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of various functional materials. Light is a particularly versatile
tool that allows noncontact and precisely addressable proc-
essing using simple, inexpensive equipment. The light-con-
trollable dynamic mesostructures are anticipated to provide
new possibilities in materials science, as well as technologies
for device fabrication based on block copolymers.

Experimental Section
Materials and real-time GI-SAXS experiments: P5Az10MA43-b-
PBMA70 (Mn = 57000 and Mw/Mn = 1.08) was synthesized by ATRP
(atom-transfer radical polymerization) method. The P5Az10MA43-b-
PBMA70 film was prepared on a fused silica substrate by the spincast
method. Real-time GI-SAXS experiments were performed with
a sample-to-detector distance of 2250 mm for the MPS structure and
1340 mm for the LC phase on the 15A beam line at the KEK Photon
factory in Tsukuba, Japan. The scattering images were captured by
a CCD detector (Hamamatsu C4880). Incidence angles were chosen
between 0.2 and 0.38, and the final images were the average of one-
second exposures. Linearly polarized light (LPL) at 436 nm was
obtained from the mercury/xenon light source (San-ei Electronics
Supercure 203S) passing through glass filters (Y43, V44) and a polar-
izer. The sample film was pre-oriented by irradiation with LPL at
110 8C.

The supporting information provides further experimental details
of synthesis and characterization of the block copolymer, TEM
detection, and real-time GI-SAXS measurement.

Received: February 17, 2012
Revised: March 16, 2012

.Keywords: active switching · azobenzene · block copolymers ·
liquid crystals · photoalignment

[1] W. M. Gibbons, P. J. Shannon, B. J. Sweltin, Nature 1991, 351,
49 – 50.

[2] K. Ichimura, Chem. Rev. 2000, 100, 1847 – 1873.
[3] A. Natansohn, P. Rochon, Chem. Rev. 2002, 102, 4139 – 4176.
[4] B. Sapich, A. B. E. Vix, J. P. Rabe, J. Stumpe, Macromolecules

2005, 38, 10480 – 10486.
[5] T. Seki, Bull. Chem. Soc. Jpn. 2007, 80, 2084 – 2109.
[6] H. Yu, T. Ikeda, Adv. Mater. 2011, 23, 2149 – 2180.
[7] H. Finkelmann, E. Nishikawa, G. G. Pereira, M. A. Warner,

Phys. Rev. Lett. 2001, 87, 015501.
[8] Y. Yu, M. Nakano, T. Ikeda, Nature 2003, 425, 145.
[9] N. Hosono, T. Kajitani, T. Fukushima, K. Ito, S. Sasaki, M.

Takata, T. Aida, Science 2010, 330, 808 – 811.

[10] H. Nakano, J. Mater. Chem. 2010, 20, 2071 – 2074.
[11] N. Hadjichristidis, S. Pispas, G. Floudas, Block Copolymers:

Synthetic Strategies, Physical Properties, and Applications, Wiley,
Hoboken, 2003.

[12] M. Lazzari, C. De Rosa in Block Copolymers in Nanoscience
(Eds.: M. Lazzari, G. Liu, S. Lecommandoux), Wiley-VCH,
Weinheim, 2006, pp. 191 – 231.

[13] J.-Y. Wang, S. Park, T. P. Russell, Polymer Thin Films, Series in
Soft Condensed Matter, Vol. 1 (Eds.: O. K. C. Tsui, T. P. Russell),
World Scientific, Singapore, 2008, pp. 1 – 25.

[14] S. Ouk Kim, H. H. Solak, M. P. Stoykovich, N. J. Ferrier, J. J.
de Pablo, P. F. Nealey, Nature 2003, 424, 411 – 414.

[15] A. Keller, E. Pedemonte, F. M. Willmouth, Nature 1970, 225,
538 – 539.

[16] T. L. Morkved, M. Lu, A. M. Urbas, E. E. Ehrichs, H. M. Jaeger,
P. Mansky, T. P. Russell, Science 1996, 273, 931 – 933.

[17] C. Osuji, P. J. Ferreira, G. Mao, C. K. Ober, J. B. Vander Sande,
E. L. Thomas, Macromolecules 2004, 37, 9903 – 9908.

[18] Y. Morikawa, S. Nagano, K. Watanabe, K. Kamata, T. Iyoda, T.
Seki, Adv. Mater. 2006, 18, 883 – 886.

[19] Y. Morikawa, T. Kondo, S. Nagano, T. Seki, Chem. Mater. 2007,
19, 1540 – 1542.

[20] a) H. F. Yu, T. Iyoda, T. Ikeda, J. Am. Chem. Soc. 2006, 128,
11010 – 11011; b) H. Yu, T. Kobayashi, G.-H. Hu, Polymer 2011,
52, 1554 – 1561.

[21] V. Olszowka, M. Hund, V. Kuntermann, S. Scherdel, L.
Tsarkova, A. Bçker, ACS Nano 2009, 3, 1091 – 1096.

[22] H. G. Schoberth, V. Olszowka, K. Schmidt, A. Bçker, Adv.
Polym. Sci. 2010, 227, 1 – 31.

[23] The q and d values were calculated using the center vertical axis
as the origin from the two dimensional images. The cylinder
distance in the film was estimated as a slightly larger value than
that of the bulk sample (25 nm; Supporting Information,
Section S3) because of the oblique scattering direction of the
(10) peaks of the hexagonally packed cylinders. Furthermore,
the hexagonal cylinder structure in the spin-cast films can be
slightly deformed by the air and substrate interfaces.

[24] S. V. Shilov, H. Skupin, F. Kremer, T. Wittig, R. Zentel, Phys.
Rev. Lett. 1997, 79, 1686 – 1689.

[25] M. Mitsuishi, S. Ito, M. Yamamoto, T. Fischer, W. Knoll, J. Appl.
Phys. 1997, 81, 1135 – 1142.

[26] The movie data for the real-time observations are provided in
the Supporting Information, Section S5. These two-dimensional
scattering data were captured at several-second intervals per
frame after the LPL irradiation started.

[27] K. Schmidt, A. Bçker, H. Zettl, F. Schubert, H. H�nsel, F. Fisher,
T. M. Weiss, V. Abetz, A. V. Zvelindovsky, G. J. A. Sevink, G.
Krausch, Langmuir 2005, 21, 11974 – 11980.

.Angewandte
Communications

5888 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 5884 –5888

http://dx.doi.org/10.1038/351049a0
http://dx.doi.org/10.1038/351049a0
http://dx.doi.org/10.1021/cr980079e
http://dx.doi.org/10.1021/cr970155y
http://dx.doi.org/10.1021/ma0507793
http://dx.doi.org/10.1021/ma0507793
http://dx.doi.org/10.1246/bcsj.80.2084
http://dx.doi.org/10.1002/adma.201100131
http://dx.doi.org/10.1038/425145a
http://dx.doi.org/10.1126/science.1195302
http://dx.doi.org/10.1039/b924718a
http://dx.doi.org/10.1038/nature01775
http://dx.doi.org/10.1038/225538a0
http://dx.doi.org/10.1038/225538a0
http://dx.doi.org/10.1126/science.273.5277.931
http://dx.doi.org/10.1021/ma0483064
http://dx.doi.org/10.1002/adma.200502573
http://dx.doi.org/10.1021/cm0630845
http://dx.doi.org/10.1021/cm0630845
http://dx.doi.org/10.1021/ja064148f
http://dx.doi.org/10.1021/ja064148f
http://dx.doi.org/10.1016/j.polymer.2011.01.053
http://dx.doi.org/10.1016/j.polymer.2011.01.053
http://dx.doi.org/10.1021/nn900081u
http://dx.doi.org/10.1007/12_2010_51
http://dx.doi.org/10.1007/12_2010_51
http://dx.doi.org/10.1103/PhysRevLett.79.1686
http://dx.doi.org/10.1103/PhysRevLett.79.1686
http://dx.doi.org/10.1063/1.363859
http://dx.doi.org/10.1063/1.363859
http://dx.doi.org/10.1021/la051346w
http://www.angewandte.org

