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New strategies and implications for the
photoalignment of liquid crystalline polymers

Takahiro Seki

The photoalignment of liquid crystalline materials has been studied extensively over the past two and a half decades and has

recently become of technological importance in the liquid crystal display panel industry. This review introduces recent attempts

at the photoalignment of liquid crystalline polymers and focuses on two aspects. First, strategies to ensure effective in-plane

alignment of photoresponsive mesogens are highlighted. Despite the numerous investigations reported to date, film systems

have not been well optimized in terms of realizing efficient photoreactions that consider the mesogen orientations. Second, new

photoalignable systems composed of block copolymers with surface-grafted polymers and block copolymer films are introduced.

The photoalignment processes in these mesoscopic systems involve strong cooperative motion of the different hierarchical size

features. In the course of these approaches, a new strategic platform, photoalignment of liquid crystalline polymers via

commanding from the free surface, is proposed. These approaches are expected to offer new concepts and possibilities for

smart light-responsive materials and systems.
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INTRODUCTION

Photoreactions in ordered media have been the subject of numerous
studies. In liquid crystal (LC) systems, molecules are packed with
substantial motional freedom, and photoreactions trigger changes in
the packing state or the collective molecular orientation. The effects
can be amplified to the mesoscopic, microscopic and even macro-
scopic levels due to strong motional cooperativity. Photochromic
reactions have frequently been incorporated in LC media because of
their repeatability for controlling material properties. This approach
has provided various types of smart, light-responsive materials1

exhibiting surface-mediated photoalignment of LC materials,2–6

photoinduced phase transitions,7–12 photoorientation/addressing of
polymer thin films,13–18 photoinduced mass migrations,19–28

phototactic sliding motions,29–31 photo-driven motions and
morphology of monolayers,32–35 and macroscopic photomechanical
deformations.36–46

Photoalignment research and technology started in 1988 with the
discovery of the reversible alignment control of nematic LCs by the
photoisomerization of azobenzene on a substrate surface (Figure 1) by
Ichimura et al.47 It was demonstrated that the E/Z (trans/cis)
photoisomerization of an azobenzene monolayer on a substrate can
switch the alignment of nematic LC molecules between the
homeotropic and planar modes. This active functional surface was
dubbed a ‘command surface’ or ‘command layer.’ Shortly after this
finding, Gibbons et al.,48 Dyadyusha et al.49 and Schadt et al.50

showed that angular selective excitation of an azo dye-doped
polyimide or a photocrosslinkable polymer film with linearly

polarized light (LPL) led to in-plane alignment control (Figure 2).
At the same time, Kawanishi et al.51 also reported this effect using an
azobenzene self-assembled monolayer. Approaches based on the
Langmuir–Blodgett technique have provided a precise understanding
of the effects of the molecular design and packing density on the
command layer.52,53 Successive explorations have revealed that the
command layer can control orientations for a variety of materials,
including discotic LCs,54,55 lyotropic chromonic LCs,56–58 LC
polymers,59,60 semiconducting molecules61,62 and mesostructured
organic–inorganic hybrids.63–68

Photoalignment methods have recently become of practical impor-
tance in industry. The surface photoalignment of nematic LCs on
polymer films has recently been adopted in processes for LC display
panel production.69 Non-contact and high-resolution photoalignment
processes have considerable advantages when compared with the
conventional rubbing processes.4,6 Furthermore, many prototypes of
photonic LC elements and devices have been fabricated.70

This review focuses on recent topics in the photoalignment of
azobenzene-containing LC polymer systems. The precise three-
dimensional (out-of-plane (zenithal) and in-plane (azimuthal))
alignment control of LC materials is of great importance in applica-
tions for LC display panels as well as photonic and memory devices.
In particular, achieving efficient azimuthal control is a key issue in
photoalignment technology. Despite the number of investigations that
have been performed, the film design of the alignment layer has not
been fully considered in terms of molecular orientation. For effective
light absorption by a photoresponsive film, the transition moment of
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an azobenzene mesogen should be oriented parallel to the electric
vector of the light (E), namely, perpendicular to light propagation
(Figure 3). However, in films prepared by ordinary methods, such as
spincasting, dip-coating, Langmuir–Blodgett and layer-by-layer
assembly, the mesogens are generally oriented vertically to the
substrate (Figure 3a). According to theoretical considerations71,72

and experimental data,73,74 rod-like calamitic mesogens have a
tendency to orient perpendicular to the free (air contacting) surface
of the film. Many side chain polymers exhibit this tendency. As light
irradiation is usually performed with normal incidence to the film
(substrate) plane, this orientation results in poor light absorption. To
realize planar mesogen orientations for efficient light absorption,
some specific strategies must be adopted (Figure 3b). The main
objective of this article is to overview the molecular designs and
strategies for obtaining planar mesogen orientations.

In Figure 4, the strategies for realizing the planar orientation
of mesogenic groups are schematically summarized. The strategies
involve (a) the introduction of mesogens with side-on architecture
to the backbone, (b) the introduction of mesogens in the main
chain, (c) the synthesis of (head-on) side chain LC polymers
directly attached to the surface or (d) by way of a spacer chain of
amorphous polymer, (e) the induction of a planar orientation
of mesogens with the aid of the confinement effect in a block
copolymer and (f) the modification of the free surface of the side
chain LC film (f).
Another aim of this article is to emphasize new trends in

photocontrols for structures at conventional molecular levels to
those of mesoscopic feature sizes (typically range: 10–100 nm).
Recent ideas have initiated new research areas related to the
photoalignment of mesoscopic structures formed in surface brush
systems and block copolymer films. The significance of investigating
regions of mesoscopic sizes can be found in biological systems. The
structure, assembly behavior and function at mesoscopic size ranges
could be essential to understanding the boundary between non-living
molecules/macromolecules, such as lipids, proteins, DNA and
so on, and actual living organizations at the microscopic and
macroscopic levels. Considering this point, the development of
methods for controlling materials at the mesoscopic level should be
meaningful and alluring because of the material chemistry.
Mesoscopic systems are expected to bridge the photoresponsive
phenomena of different size ranges between molecular75–77 and
macroscopic functions36–46 and provide panoscopic views of
photoresponsive smart materials.
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Figure 1 Schematic illustration of reversible photoalignment by a ‘command

surface’ composed of an azobenzene monolayer. A full color version of this

figure is available at Polymer Journal online.

Figure 3 Photoresponsive mesogens in a thin film state. Ordinary calamitic

(rod-like mesogenic) side-chain polymer films primarily adopt a homeotropic

orientation (a), which is unfavorable for electronic excitation by normally

incident light. Other strategies are needed to achieve planar orientations of

mesogens (b). A full color version of this figure is available at Polymer

Journal online.

Figure 2 Schematic drawings of irradiation with linearly polarized light

(LPL) and oblique non-polarized light (upper). The lower drawing shows a

model of aligned monodomain formation in liquid crystals (LCs) by

irradiation with LPL. The molecular orientation generally becomes

orthogonal to the electric vector (E) of LPL. A full color version of this figure

is available at Polymer Journal online.
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SIDE-ON ATTACHMENT OF MESOGENS TO THE POLYMER

BACKBONE

Rod-like azobenzene units are generally connected to the polymer
backbone with a spacer, introduced at the para-position (head-on) of
the azo group. In the command surface systems for in-plane control
of nematic LCs, this head-on type polymer architecture has some
drawbacks. First, the mesogens are pre-oriented homeotropically in
the thin film state. Thus, large photon doses are required to induce
in-plane anisotropy. Second, the alignment induced by LPL is not
retained persistently. The alignment gradually changes to a home-
otropic state after a long period via thermal conversion of azobenzene
to the trans form. To overcome these issues, Ichimura et al.78–80

designed polymers with azobenzene mesogens connected at the
ortho-position of the azo group (side-on) so that the azobenzene
mesogen is directed parallel to the substrate78 or polymer backbone
(Figure 5, case a in Figure 4).79,80 With this side-on type architecture,
the efficiency for inducing the in-plane orientation was drastically

increased; the light dose was reduced from a few J cm�2 to
50–100mJ cm�2. In addition, the induced azimuthal optical aniso-
tropy became persistent, irrespective of the isomeric form of
azobenzene.79

Li et al.81 were the first to systematically investigate the LC
properties and photoinduced phase transition of polymers with
side-on architecture. Unlike ordinary end-on type LC polymers, the
polymer only adopted a nematic phase, and no smectic phase was
observed. Xie, Zhang et al.82 reported on ladder-like polysiloxane
films containing a dual photoreactive cinnamate/azobenzene unit
with the side-on architecture. The longer spacer connecting the dual
photoresponsive units provided better alignment properties because
more favorable cooperative molecular motions were allowed. Petr and
Hammond83 reported that a side-on azobenzene polymer with a
flexible siloxane backbone showed a rapid photoinduced phase
transition from a nematic to isotropic phase at room temperature.
This facile phase transition was ascribed to the high photoreactivity in

Figure 4 Schematic diagrams for the strategy to attain the in-plane orientation of photoresponsive (mostly azobenzene) mesogens. (a) Spincast films of

liquid crystal (LC) polymers with side-on type mesogens. (b) Spincast films of main chain LC polymers. (c) Side chain LC polymers grafted onto the

substrate surface. (d) Side chain LC polymers of block copolymer grafted onto the substrate surface via an amorphous spacer layer. (e) Planar orientation of

mesogens by block copolymers constrained to an ultrathin film. (f) Induction of planar orientation by the modification of a free surface layer. A full color

version of this figure is available at Polymer Journal online.
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Figure 5 Side-on mesogen type photoresponsive polymers for in-plane photoalignment (case a in Figure 4). A full color version of this figure is available at

Polymer Journal online.
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Figure 6 Main chain mesogen type photoresponsive polymers for in-plane photoalignment (case b in Figure 4). A full color version of this figure is available

at Polymer Journal online.
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a relatively disordered environment compared with end-on type
azobenzene LC polymers. The chemical structures of these polymers
are summarized in Figure 5.

PHOTORESPONSIVE MAIN CHAIN LC POLYMERS

Most studies have used side chain type LC polymers. However,
main chain LC-type polymers (case b in Figure 4) also serve as
fascinating photoalignment layers. Azobenzene,84–86 stilbene,87

cinnamate-type88–90 and chalcone91,92 functionalities have been
introduced into polyester and polyimide main chain structures. In
Figure 6, a few examples from these series are displayed. These
polymer films are well suited for in-plane anisotropy. Interestingly, in
the polyester films reported by Song et al.,88 the alignment ability was
dependent on the even/odd number of the methylene spacer.
Photoalignment control was more effectively achieved for the
polymers with an even number of spacers.

As expected, main chain LC polymers have superior stability and
durability against heat and extreme environmental conditions. As a
result of this high stability, the pretilt angles are favorably fixed by
oblique irradiation.85 They can be used for typical nematic LCs as well
as organic semiconductor oligomers and polymers61 that require
particular alignment conditions. However, such robustness can be a
drawback for their alignment processability. Large amounts of light
exposure, typically reaching tens of J cm�2, are required to induce
anisotropy because of the restricted motion of the photoresponsive
unit. The balance between robustness and light sensitivity has to be
considered for the actual applications.

SURFACE-GRAFTED LC AZOBENZENE POLYMER CHAINS

Side chain non-photoresponsive LC polymers have been studied
previously.93–95 However, precise information on the side chain
orientation has not been well elucidated. Uekusa et al.96 were the
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Figure 7 Surface-grafted side chain liquid crystal (LC) azobenzene polymers for in-plane photoalignment (case c in Figure 4). Side chain polymers are

synthesized by surface-initiated atom transfer radical polymerization (SI-ATRP; PAz) (a) and surface-initiated ring opening metathesis polymerization (SI-ROMP)

(b). The polarized ultraviolet-visible absorption spectra of Paz after photoalignment by linearly polarized light (LPL) irradiation for a spincast film (c) and a surface-

grafted film synthesized by SI-ATRP (d). The dotted lines correspond to the spectra before LPL irradiation. In each spectrum, the orientation order parameter (S)

is indicated. Adapted with permission.98 Copyright 2009, American Chemical Society. A full color version of this figure is available at Polymer Journal online.
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first to synthesize a surface tethered azobenzene LC side chain
polymer (PAz) by surface-initiated atom transfer radical
polymerization (ATRP) (scheme in Figure 7a, case c in Figure 4)
following the method reported by Fukuda and Tsujii.97 In surface
tethered films with sufficiently high two-dimensional density, the
azobenzene mesogens were preferentially oriented parallel to the
substrate.19,96 This unique orientation was confirmed by ultraviolet-
visible absorption spectroscopy and grazing angle incidence X-ray
diffraction measurements. Similar to the cases of side-on polymer
films, surface-grafted LC azobenzene chains are beneficial for efficient
light absorption and in-plane photoalignment. Highly ordered in-
plane orientation is readily attained in this architecture.98 The degree
of in-plane alignment for grafted PAz films has been evaluated by the
optical order parameter (S¼ (A?– A||)/(A?þ 2A||), where A? and A||

are the absorbances observed with a probing beam in the
perpendicular and parallel directions for the peak of the pp* band,
approximately 350 nm; see spectra in Figures 7c and d. In a spincast
film, irradiation with LPL up to 2 J cm�2 resulted in only S¼ 0.24
(Figure 7c). In contrast, for a surface-grafted polymer, a strong order
parameter of S¼ 0.50 was readily obtained by irradiation with
400mJ cm�2 (Figure 7d). The molecular orientation can be switched
to the other direction by irradiation with the corresponding LPL.
However, when the two-dimensional density of the chain is not high,
homeotropic mesogen orientation is observed, similar to spincast
films.
Surface-grafted azobenzene LC chains can be utilized as a com-

mand surface for nematic LCs. Camorani et al.99 prepared a similar
surface-grafted LC azobenzene polymer and evaluated the
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radical polymerization (SI-ATRP) for in-plane photoalignment (case d in Figure 4). A flexible chain of poly(hexyl methacrylate) (PHMA) is introduced

between PAz and the substrate. The figure below indicates the in-plane orientation order parameter (S) achieved by linearly polarized light (LPL) irradiation
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photoalignment behavior of this surface. Excellent in-plane control in
a twisted nematic LC was demonstrated for a cell prepared by the
rubbing method.
Surface-initiated ring opening metathesis polymerization of a

norbornene monomer using Grubbs catalyst (third generation) can
be an alternative procedure for synthesizing surface-grafted LC
polymer chains (scheme in Figure 7b).100 In this procedure,
controlled grafted chains are readily available because the
polymerization is tolerant of oxygen during the polymerization.
Surface-grafted chains with more closely packed mesogens are
obtained when a cyclic olefin monomer with two azobenzene
substituents is used (see chemical structure in Figure 7b). The
mesogens are azimuthally packed to a higher degree so that
reorientation by irradiation with another LPL is partially suppressed.
Hafiz et al.101 conducted a two-step atom transfer radical

polymerization to introduce flexible amorphous polymer chains
beneath the LC azobenzene polymer (case d in Figure 4). An
amorphous brush of poly(hexyl methacrylate) (PHMA, glass transi-
tion temperature¼ �20 1C) was first synthesized, and the azobenzene
side chain polymer (PAz) was subsequently overlaid by ATRP (scheme
in Figure 8).
The graph in Figure 8 shows the S values obtained after irradiation

with 436 nm LPL at 500mJ cm�2. As shown, the magnitude of in-
plane photoalignment by LPL was a function of temperature. The
photoalignment was performed favorably at temperatures where PAz

adopted an SmA phase, and the optimum condition was B30–40 1C
below the isotropization temperature (116 1C). The S value of
photoaligned PAz (thickness, ca 8 nm) reached a higher level for
the brush with a flexible PHMA chain compared with the PAz brush
of a comparable thickness but without a flexible chain. Thus, the
introduction of a flexible spacer facilitates efficient in-plane photo-
induced rotation. In addition, the reorienting motion after irradiation
with LPL of different directions readily occurred. The underlying
PHMA chain works as a lubricant buffer layer in the double-layered
grafting architecture. In this way, the flexible chains have an
important role in decoupling the molecular motion of PAz mesogens
from the solid substrate. In the design of side chain LC polymers, the
incorporation of a flexible spacer between a mesogenic group and the
polymer backbone is essential.102 In the present system, the flexible
amorphous chains can be regarded as a ‘mesoscopic spacer.’ The
length of the amorphous chains also influences the photoalignment
behavior. A longer amorphous chain lead to a larger value for the
order parameter.103

The thermophysical properties of spacer chains should also
influence the photoalignment behavior of LC PAz layers. In this
context, amorphous polymers with different Tg were used as spacer
chains (Figure 9). Here, the first step of ATRP was undertaken to
prepare three types of poly(alkyl methacrylate) spacers: PHMA (Tg¼
�20 1C; very flexible), poly(butyl methacrylate) (PBMA, Tg¼ 27 1C;
moderately flexible) and poly(methyl methacrylate) (PMMA,

ROC

O

n

Figure 9 Photoalignment behavior of PAz obtained in the diblock framework with an amorphous alkyl methacrylate chain of different Tg. The figure below

indicates the in-plane orientation order parameter (S) achieved by linearly polarized light (LPL) irradiation as a function of temperature during the irradiation

procedure. Schematic drawings indicating the azobenzene mesogen alignment states are displayed below. Adapted with permission.104 Copyright 2013,

American Chemical Society. A full color version of this figure is available at Polymer Journal online.
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Tg¼ 110 1C; glassy). PAz is then polymerized by ATRP on top of the
poly(alkyl methacrylate) layers. The S values at the optimum
temperature (70–80 1C) for PHMA, PBMA and PMMA were 0.53,
0.42 and 0.13, respectively.104 Thus, the magnitude of S follows the
opposite trend of Tg, that is, the more flexible chains provide
smoother cooperative motion for the photoinduced in-plane
(re)orientation. The photoinduced alignment was particularly
suppressed for PMMA. Thus, the segmental mobility in the rubbery
or glassy state critically affects the photoinduced motions. The S value
for photoaligned PAz on the PMMA layer at the optimized
temperature (80 1C) was unexpectedly small (S¼ 0.13), which is
even smaller than that of a PAz homopolymer brush of comparable
thickness (S¼ 0.35). It appears that the PAz layer adhered to the
PMMA layer more strongly than to the quartz surface.
The photoinduction of in-plane anisotropy can be repeated

many times (at least 15 times) at the optimum temperature
without deterioration. Once the photoinduced anisotropy is attained,
these brushes retained the in-plane anisotropy, even for a month, as

long as they were kept at room temperature, below the Tg of the PAz
chain (¼ 53 1C).

PHOTOALIGNMENT OF BLOCK COPOLYMER THIN FILMS

Block copolymers that form phase-separated structures with 10–100-
nm size features have attracted considerable attentions from a
practical viewpoint for next-generation nano-lithographic applica-
tions.105,106 To achieve desired alignment in microphase-separated
(MPS) structures, a number of efforts have been made based on
applying external fields, such as shear, electric and magnetic fields,
solvent evaporation flows, and surface alignment, such as mesoscopic
topographical and surface wetting patterns.107–109

Thermotropic LC polymers incorporated into an MPS structure
can offer hierarchical orientational molecular order in different ways
than phase-separated structures. Particularly, in the case of side chain
LC block polymers, the interfaces between blocks are usually formed
parallel to the oriented side-chain mesogens.110 Therefore, the
orientation of MPS structures in LC block copolymers strongly
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Figure 10 Schematic illustration of the thickness dependent orientation of poly(ethylene oxide)-based azobenzene-containing liquid crystal (LC) polymer

films (PEO-PAz) (upper). Below a critical thickness (o70nm), this polymer exhibits a planar orientation (case e in Figure 4). Schemes of PEO orientation

following surface relief grating (SRG) formation after irradiation with interference argon ion laser beams (lower). The in-plane orientation of PEO cylinders

depends on the polarization mode of the laser beam. Adapted with permission.118 Copyright 2006, John Wiley & Sons. A full color version of this figure is

available at Polymer Journal online.
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depend on the nature of the LC block orientation.110,111 In thin films,
Iyoda et al.112–114 demonstrated the formation of highly ordered
vertical cylindrical structures with homeotropic orientation for a
smectic LC azobenzene polymer matrix of amphiphilic LC block
copolymers. Zhao et al.115 showed an orientational cooperative effect
in an LC azobenzene block connected with a non-photoresponsive
LC block.
Attempts to perform the photoalignment of MPS structures in

azobenzene LC block copolymer films started in 2006. Yu et al.116,117

and Morikawa et al.118,119 independently demonstrated the in-plane
photoalignment of MPS cylinder morphologies in azobenzene-
containing block copolymer films by irradiation with LPL. In the
years since, considerable data have been accumulated, and several
reviews on this topic are now available.5,19,120–124 The orientations of
azobenzene mesogenic groups and MPS cylinder domains have been
found to be dependent on the film thickness. For poly(ethylene oxide)
(PEO)-b-PAz (Figure 10), a critical thickness was determined to be
70nm. In films of PEO-b-PAz with larger thickness, a homeotropic
(vertical) orientation is adopted, and below this level, the MPS
cylinders are oriented parallel to the substrate.118,125 This
orientational transition seems to originate from the cooperative

behavior of this system associated with constraint from the solid
substrate. Regardless, with the aid of the confinement, the mesogenic
groups are oriented parallel to the substrate among the mesoscaled
MPS polymer domains in ultrathin film conditions (Figure 10, upper
scheme; case e in Figure 4).
A thin film of PEO-b-Paz was subjected to the formation of surface

relief grating by exposure to interference beams of argon ion laser.118

By adjusting the initial thickness, this procedure results in surface
undulations with higher and lower areas above and below the critical
thickness (70 nm). In surface relief grating films, vertically and
horizontally oriented MPS cylinders are patterned in the thicker
and thinner regions, respectively (Figure 10, lower scheme). More
interestingly, the MPS cylinder domains can be aligned parallel and
perpendicular to the undulations, depending on the polarization
mode of the interference irradiation light. Here, three different
hierarchical structures are aligned only by simple irradiation. Namely,
these structures consist of alignments of smectic layers (molecular
level), MPS cylinder domains (mesoscopic level) and surface undula-
tions (micrometer level).
When an LC azobenzene block is connected with polystyrene (PS)

(PS-b-PAz), the MPS of the PS domain can be switched on-demand

O (CH2) O N
N10

(CH2) CH3
4

b
76 140

O

Figure 11 Out-of-plane and in-plane repeatable three-dimensional alignment control of microphase-separated (MPS) cylinder domains in a PS-b-PAz film. In

each rewriting process, heating and cooling procedures are required. Adapted with permission.119 Copyright 2007, American Chemical Society. A full color

version of this figure is available at Polymer Journal online.
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between out-of-plane and in-plane directions (Figure 11).119

The photoalignment process provides oriented MPS morpho-
logies over a large area in non-contact and addressable manners,
without using particular devices. In the first stage, the
photoalignment of PS cylinder domains has been attempted at
room temperature. At this temperature, the alignment of
azobenzene mesogens at molecular scales is changed from the initial
vertical state to the in-plane direction, depending on the LPL
direction. However, the direction of the MPS domains at the
mesoscopic scale remains vertical, irrespective of the azobenzene
orientation. Successful on-demand alignment of PS cylinders
can be performed when the film is first heated to 130 1C (above Tg

of PS and above the isotropization temperature of PAz) and
successively irradiated with LPL while slowly cooling down through
a SmA phase temperature region to room temperature, giving
a glassy state. By heating to 130 1C, the anisotropic domain
formation disappears; therefore, a ‘reset (initialization)’ of the
film is attained. The direction of the PS cylinders can be altered

using the same procedure with another LPL irradiation. Horizontally
aligned PS cylinders return to the vertical state when irradiated with
normally incident non-polarized light. This rewritable system is
unique in that one material can encode three types of orthogonal,
independent information (x, y and z directions) (Figure 11). In
contrast, in most other cases information switching is performed
between two states. As will be mentioned later, PS-b-PAz is prone to
adopt a homeotropic orientation in the annealing process. The three
state switching requires careful control of the film thickness and
temperature.

TIME COURSE OBSERVATIONS OF MPS PHOTOALIGNMENT IN

BLOCK COPOLYMERS

How the MPS structure changes its orientation is a topic of great
interest. To gain detailed insight into the process, Nagano et al.126

conducted synchrotron X-ray measurements to simultaneously
achieve real-time observations during orientational changes of the
mesogens and MPS cylinder morphology at a constant temperature in
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m
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Figure 12 Schematic illustration of direct (isothermal) azimuthal photoswitching of microphase-separated (MPS) cylinder domain alignment in poly(butyl

methacrylate) (PBMA)-b-PAz (a) and the chemical structure of this polymer (b). (c) Diagram of the experimental setup for the real-time grazing incidence

angle X-ray scattering (GI-SAXS) measurement. (d) Time course profiles of the decaying process scattering peak for the smectic azobenzene layer and a

cylinder array of PBMA. The peak intensities are normalized to the maximum signal. (e) Time course profiles of the peak enhancing process for the two

peaks. Adapted with permission.126 Copyright 2012, John Wiley & Sons.
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the SmA LC range. A schematic drawing of the photoswitching
process is presented in Figure 12a. In this case, the LC azobenzene
block copolymer with PBMA, possessing a glass transition tempera-
ture around room temperature (PBMA-b-PAz, Figure 12b), is
adapted. Interestingly, unlike the previous PS case, this block
copolymer always exhibits random planar or homogeneous (uniform
planar) orientations of the mesogens and MPS cylinders without
forming a homeotropic orientation in films with thicknesses of
100–200 nm or more. Owing to this in-plane character, alignment
switching between the orthogonal directions can be readily monitored
at temperatures corresponding to the SmA phase of PAz (typically
95 1C). This feature is due to the coverage of the PBMA layer on the
topmost surface, which will be discussed in more detail in the
following sections.

Figure 12c shows a schematic experimental setup for the real-time
grazing incidence angle X-ray scattering (GI-SAXS) measurements
using a synchrotron X-ray source (Photon factory, KEK, Tsukuba,
Japan). A sample film was maintained at a target temperature and
irradiated with LPL at 436 nm from the top using an optical fiber and
a polarizing prism. The X-ray (0.150nm) beam was set at a grazing
angle, and the scattered beam was detected with a CCD camera.
Figures 12d and e show time course profiles of the normalized
intensity of the scattered X-ray ascribed to the cylinder distance of the
MPS PBMA domains and the smectic layer of azobenzene mesogens,
taken at an appropriate azimuthal direction. The PBMA-b-PAz film
was initially photoaligned by LPL, and another LPL irradiation at the
azimuthally orthogonal direction was performed. Upon the orthogo-
nal LPL irradiation, the scattering peaks of the PBMA cylinders

Figure 13 Schematic illustrations, grazing incidence angle X-ray scattering (GI-SAXS), atomic force microscopic (AFM) and transmission electron

microscopic (TEM) data for a series of in-plane photoalignments of PS-b-PAz films via surface segregation of poly(butyl methacrylate) (PBMA)-b-PAz.

(a) PS-b-PAz film without the addition of PBMA-b-PAz. (b) PS-b-PAz film obtained by the addition of 10 weight % of PBMA-b-PAz and annealing (case f in

Figure 4). (c) Photoaligned PBMA-b-PAz obtained by linearly polarized light (LPL) irradiation. For explanations of the GI-SAXS, AFM and TEM data, see the

text. Adapted with permission.127 Copyright 2013, John Wiley & Sons. A full color version of this figure is available at Polymer Journal online.
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(spacing d¼ 27nm), observed at a proper direction, and the smectic
layers of azobenzene mesogens (d¼ 3.4 nm) at the orthogonal
direction disappeared quickly, within 40 s (Figure 12d). The enhance-
ment of the peak at the orthogonal directions was observed after 50 s
and gradually increased until 200 s to reach a saturated level
(Figure 12e). Importantly, the time constants of the processes for
the different size features were the same. We initially anticipated that
the LC photoresponsive smectic layer of smaller size would reorient
first, and then the PBMA cylinder of larger size would evolve at later
stages. However, the results contradict this assumption and suggest
that the reorienting process proceeds in a highly cooperative and
synchronized manner between the two different hierarchical
structures.

PHOTOALIGNMENT OF BLOCK COPOLYMER FILMS VIA FREE

SURFACE SEGREGATION

As mentioned above, the azobenzene mesogens and MPS cylinder
domains of PBMA-PAz films are always directed parallel to the
substrate under annealing conditions. This behavior is unusual (see
explanations for Figure 3). Further explorations have revealed that the
segregated PBMA block at the topmost surface (free (air) surface) is
responsible for the planar molecular orientation. The lower surface
tension and high flexibility of the PBMA block result in segregation to
the free surface. Thus, interfaces between blocks are preferentially
formed parallel to the free surface.
Based on this knowledge, PBMA-b-PAz was expected to serve as a

surface active polymer in a PS-b-PAz film. Fukuhara et al.127

demonstrated that a PS-b-PAz film with vertically aligned PS MPS
cylinders can be converted to a planar orientation by mixing in a
small amount of PBMA-b-PAz and then annealing (case f in Figure 4).
Coverage of the segregated PBMA-b-PAz at the free surface of PS-b-
PAz is responsible for this orientational inversion. Once this planar
orientation is formed, the photoalignment of PS cylinders can be
readily achieved by LPL irradiation. A schematic of this process is

shown in Figure 13 along with GI-SAXS data, atomic force micro-
scopic images, and a transmission electron microscopic image.
Without PBMA-b-PAz, the annealing of the PS-b-PAz film at
130 1C produces homeotropically aligned mesogens and PS cylinders
(Figure 13a). The spacing (d¼ 3.9 nm) of the smectic layer of
azobenzene mesogens was found in the out-of-plane direction. In
the atomic force microscopic measurements, a cylinder array with an
average dot-to-dot distance of 47nm was observed on the surface
(Figure 13a). Mixing in 10 weight % of PBMA-b-PAz and subse-
quently annealing the film resulted in markedly different data. In the
GI-SAXS measurement, layer periodicity was observed in the in-plane
direction with d¼ 3.6 nm, and no characteristic features were
observed by atomic force microscopic (Figure 13b). These data
indicate that the mesogens and PS cylinders were oriented parallel
with the substrate, and an amorphous layer of PBMA block was
located on the topmost surface. The cross-section of the photoaligned
film after irradiation with LPL at 95 1C was observed by transmission
electron microscopic. This transmission electron microscopic image
clearly shows the existence of a segregated skin layer (B20nm
thickness) of PBMA-b-PAz on the air side. The thickness of the skin
layer was approximately one-tenth of the total thickness, suggesting
that PBMA-b-PAz was almost fully segregated to the free surface by
annealing.

COMMAND SURFACE EFFECT FROM THE FREE SURFACE

In the above case, photoalignable azobenzene-containing polymer
films were used. The next challenge was to exert photoalignment for
non-photoresponsive LC polymers using a skin layer existing on the
free surface. This approach can provide a new concept for the
command surface effect. To date, surface-mediated photoalignments
have been achieved with photoresponsive polymer films on solid
substrates (Figure 14a). In contrast, the command surface effect from
the free surface is a totally new concept (Figure 14b).
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Figure 14 Schematic illustrations of photoalignment control using surface photoreactions. (a) Alignment control of liquid crystal (LC) molecules using

surface photoreactions from the solid substrate side (command surface effect). (b) New proposed method to exert a command effect with a photoresponsive

skin layer on the free (air) surface in polymer LC films. Adapted with permission.128 Copyright 2014, Nature Publishing Group. A full color version of this

figure is available at Polymer Journal online.
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Fukuhara et al.128 showed that the photoresponsive skin layer
of PBMA-b-PAz functions as a free-surface command layer
for side chain LC polymer films containing a phenyl benzoate
(PPBz) or cyanobiphenyl side chain (chemical structures shown in
Figure 14). The procedures were the same as described for the
PS-b-PAz. Schematic drawings of the mesogen orientations are
displayed in Figure 15 along with GI-SAXS data. In a pure
PPBz film after annealing, the mesogens were oriented homeotropi-
cally, as expected (Figure 15a). The smectic layer of periodicity
of the PPBz mesogens was observed in the out-of-plane direction
with d¼ 3.2 nm. By incorporating 3 weight % of PBMA-b-PAz
and then annealing, X-ray scattering peaks were only observed
in the in-plane direction (d¼ 2.9 nm), indicating inversion to a

random planar alignment of the mesogens (Figure 15b). Following
homogeneous photoalignment with LPL, the in-plane peak
became clearer, and the layer spacing ascribed to the azobenzene
mesogen of PBMA-b-PAz with d¼ 3.5 nm was also observed.
Various types of substrates can be used for this procedure. Inorganic
substrates, such as silica plates with either hydrophilic or hydro-
phobic surfaces, and flexible polymer films can be used. This fact
suggests the wide applicability of this method for device fabrication.
The superior influence of the free surface has also been suggested
for PEO-based block copolymer films. It was found that the
vertical orientation of PEO MPS cylinders is insensitive to the surface
energy (contact angle of water ranging o51–851) of the substrate
surface.129

Figure 15 Schematic illustrations and grazing incidence angle X-ray scattering (GI-SAXS) data for a series of in-plane photoalignments of phenyl benzoate

(PPBz) films via surface segregation of poly(butyl methacrylate) (PBMA)-b-PAz. (a) PPBz film without the addition of PBMA-b-PAz. (b) Random planar

alignment of the PPBz film obtained by the addition of 3 weight % of PBMA-b-PAz and subsequent annealing (case f in Figure 4). (c) Homogeneous

photoalignment of the film in b after linearly polarized light (LPL) irradiation. For explanations of the GI-SAXS analysis, see the text. Adapted with

permission.128 Copyright 2014, Nature Publishing Group. A full color version of this figure is available at Polymer Journal online.
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Photopatterning of in-plane alignment has also been achieved
(Figure 16).128 In this process, LPL was first used to irradiate an entire
film area, followed by a subsequent irradiation with LPL in the
orthogonal direction, as shown in Figure 16a. This procedures
provided patterned in-plane alignment of the PPBz mesogens
(Figure 16b). In the polarized optical microscopic observations,
rotation of the crossed polarizers led to an alternation of the bright
and dark tones. This result indicated that this patterning is rewritable.
It should also be noted that non-photoresponsive mesogens up to
10mm thick can be oriented by a photoresponsive PBMA-b-PAz skin
layer of B20nm thick, existing at the free surface. Thus, the
photoresponsive skin layer can command orientations of a non-
photoresponsive mesogen layer that is B500 times thicker.
An interesting feature of free surface control is that printing

methods can be applied on LC films. In other words, printing
methods can be used to realize free surface control. After the
preparation of a PPBz film, inkjet printing of PBMA-b-PAz was
conducted, as schematically illustrated in Figure 17a. Subsequently,
annealing and LPL irradiation were performed in the same manner.
In this command system, a resolution of 1mm can be readily obtained

(Figure 17b), based on the birefringence observation made under the
crossed polarizers. In contrast to the photopatterning in Figure 16, the
patterning was achieved between the alignment of the homeotropic
and homogeneous planar modes in the unprinted and printed areas,
respectively. Thus, the unprinted regions were observed as a dark
field, irrespective of the rotation of the crossed polarizers. An example
is shown in Figure 17c. The rotation of the crossed polarizers by 451
led to the appearance and disappearance of the printed figure because
the PPBz mesogens were homogeneously photoaligned in the printed
area. In the printing method, drawings can be made of any desired
figure. Thus, the block copolymer of PBMA-b-PAz can be regarded as
a ‘command surface ink.’

SUMMARY

At the free surface of calamitic LC films, the rod-shaped molecules
tend to be oriented vertically to the boundary plane. This molecular
orientation can be the major reason for rod-like mesogens, such as
azobenzene, being oriented normal to the film (substrate) plane in
side chain LC polymer films. This situation is unfavorable for
allowing effective photoreactions because the light irradiation is

Figure 16 Planar-planar mode orientation patterning by linearly polarized light (LPL) irradiation. (a) Scheme showing the procedures for the in-plane

photopatterning of the side chain polymer films. (b) Polarized optical microscopic (POM) images under crossed polarizers that are rotated 451 from each

other. Note that the positive and negative tone patterns are reversed. Adapted with permission.128 Copyright 2014, Nature Publishing Group.
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usually performed with a normal incidence. The horizontal orienta-
tion of azobenzene mesogens is desired. However, particular strategies
are needed. This review first focused on this point and summarized
the strategies for realizing the in-plane orientation of azobenzene
mesogens. A pre-formed in-plane orientation is typically attained by
surface-grafted chains of sufficiently high two-dimensional density.
When block copolymers made by two-step surface-initiated ATRP are
used, the motions are coupled with the segmental mobility of the
amorphous polymer beneath the LC layer. Photoalignment processes
are achieved via the cooperative motion of photoresponsive molecules

at the molecular level, and this motion can be further converted to
larger, hierarchical mesoscopic structures in block copolymer films.
The photoinduced reorienting process occurs through the strong
cooperative motion of the azobenzene LC units and the mesoscopic
MPS amorphous domains. Through these studies, the crucial role of
the free surface in mesogen orientation has been recognized. For LC
polymer films, a photoresponsive skin layer can be readily deposited
by surface segregation phenomenon or inkjet printing. In free-surface
command systems, azimuthal photocontrols can be achieved up to a
surprisingly large thickness (B10mm) by using a 20-nm skin layer of

Figure 17 Homeotropic-planar orientation mode patterning via inkjet printing. (a) Scheme of inkjet printing onto a phenyl benzoate (PPBz) thin film.

(b) Photoaligned PPBz films in printed regions, commanded by a surface skin layer of poly(butyl methacrylate) (PBMA)-b-PAz and linearly polarized light

(LPL) irradiation for 1-mm (left) and 5-mm (right) wide lines. (c) The appearance and disappearance of a birefringence patterning observed by polarized

optical microscopic (POM) under crossed polarizers. The emergence of the image is fully switched by rotating the polarizers at 451. Adapted with

permission.128 Copyright 2014, Nature Publishing Group.
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photoresponsive block copolymer. It is envisaged that new approaches
introduced in this article can lead to new possibilities in LC
processing and the fabrication of new optical devices.
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