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The surface effects and anchoring of liquid crystals (LCs)
have long been significant concerns for material chemists and
physicists.[1] The surface alignment of LCs by mechanical
rubbing[2] is a widely recognized phenomenon and of partic-
ular significance in technological applications for display
device fabrication.[3] Surface molecular orientations[4] and
topographical grooves and undulations[5] of the substrate
provide LC alignment effects. Furthermore, in the past two
decades, the photoalignment of LCs on photoreactive poly-
mer film surfaces by anisotropic irradiation[6] has become
a significant method and an alternative to mechanical rubbing
processes. The aligning substrates are not limited to polymer
surfaces; various types of surfaces, such as hard inorganic
materials[7] and soft bio-related interfaces,[8] can be used for
the alignment induction. In addition to low-molecular-mass
LCs, polymer LC materials are also aligned by the surface
effect.[9] Despite the tremendous amount of accumulated
knowledge and the number of potential applications, the
surface alignment processes developed to date mostly involve
manipulations on the surfaces of solid or condensed phases.

Herein, we report on LC alignment alternation, which is
attained by a modification of the free surface (air–film
interface). The homeotropic surface anchoring effect and
layer structuring at the free surface of calamitic LC molecules
have been shown experimentally[10] and have been further
verified by theoretical simulations.[11] To modify the free
surface, the present approach adopts the surface segrega-

tion[12, 13] of a small amount of a free-surface-active polymer.
We demonstrate here that the coverage of the surface with the
free-surface-active polymer leads to a homeotropic-to-paral-
lel orientation change of LC mesogens, which further leads to
an efficient in-plane photoalignment of microphase separa-
tion (MPS) domains of a relevant LC block copolymer by
linearly polarized light (LPL).[14] With regard to the MPS
alignment control, the important role of a top coat layer has
recently been demonstrated by Bates et al.[15] In this case,
a polar-to-nonpolar chemical conversion of the top layer is
achieved to fulfill the requirement of spin-casting from an
aqueous solvent and to provide a neutral (non-preferential)
layer for the hydrophobic block copolymer during the
annealing. In the present approach, in contrast, no additional
coating procedure is required, providing a simple, versatile
method for the desired alignment control of MPS domains.

First, the alignment behavior of an LC azobenzene (Az)
homopolymer (PAz in Figure 1a; Mn = 8.0 � 104, Mw/Mn =

1.13, and g-43 8C-SmC-100 8C-SmA-120 8C-iso) was exam-

ined. A spincast film of PAz was prepared (thickness: 100–
200 nm) from a chloroform solution. After annealing at
130 8C (above the isotropization temperature) for 10 min
followed by gradual cooling via a smectic LC phase to room
temperature, this film spontaneously formed the out-of-plane
(perpendicular) orientation of Az side mesogens, as judged by

Figure 1. a) Molecular formula of PAz and PBMA-b-PAz. b) UV/Vis
absorption spectra of the PAz thin film (c) and the PBMA-b-PAz
(10%)/PAz blend thin film (a) after annealing at 130 8C. c) and
d) The 2D GI-XRD patterns of a pure PAz film and PBMA-b-PAz
(10%)/PAz blend thin films after annealing at 130 8C, respectively. In
the XRD patterns, 1D intensity profiles are indicated as white lines.
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a significant reduction in p–p* light absorption around
320 nm (b, solid line). By adding 10 weight% (%) PBMA-
b-PAz (Figure 1a; Mn = 8.3 � 104, Mw/Mn = 1.22, g-57 8C-SmC-
90 8C-SmA-118 8C-iso, glass transition temperature (Tg)
(PBMA) = ca. 20 8C), the same procedure led to a drastic
spectral change (b, dotted line), showing that the Az
mesogenic group of the total PAz film tends to orient
randomly or nearly parallel to the substrate. In the grazing-
angle incidence X-ray diffraction (GI-XRD) measurement (c
and d), the diffraction spots ascribed to the smectic layer
structure of pure PAz and PBMA-b-PAz (10%)/PAz blend
films of the Az mesogens (d = 3.5 nm) were observed in the
out-of-plane (vertical, d = 3.3 nm) (c) and in-plane (horizon-
tal, d = 3.5 nm) (d) directions, respectively. Thus, marked
orientational alternations in the molecular and layer orienta-
tions were observed by the adding PBMA-b-PAz. Addition of
the same amount of PBMA homopolymer did not lead to this
effect, indicating that sufficient compatibility of the block
copolymer of PBMA-b-PAz containing the PAz block is
required for the alignment alternation.

The contact angles of water droplets (qw) on the surfaces
of the polymer films under study are summarized in Table 1.
For all of the polymer films, annealing led to slightly larger qw

values, indicating that more hydrophobic moieties, such as the

hydrocarbon part and the chain ends,[16] became exposed to
the air side. qw of the PAz homopolymer (107� 0.98) was
significantly lowered by adding 10 % PBMA-b-PAz to 95.5�
0.28. The lowered value virtually agrees with that of a pure
PBMA-b-PAz film (qw = 97.0� 0.68), indicating that the
minor amount of PBMA-b-PAz migrated and was enriched
at the free surface. This enrichment of PBMA-b-PAz should
occur because of the lower surface free energy of PBMA[17]

and also because of the entropic requirement,[18] that is,
PBMA possessing a flexible side chain (Tg = 20 8C) should
migrate to the free surface. The direct visual evidence of the
PBMA-b-PAz segregation at the surface will be discussed
later for the block copolymer system. Thus, PBMA-b-PAz
works as a free-surface-active polymer.

Next, the same procedures were conducted for a polystyr-
ene (PS)-based block copolymer film (PS-b-PAz in Figure 2a,
Mn = 1.2 � 105, Mw/Mn = 1.29, and g-59 8C-SmC-90 8C-SmA-
118 8C-iso, Tg (PS) = ca. 104 8C) that forms cylindrical MPS
domains of coiled PS. UV/Vis absorption spectra of pure PS-
b-PAz and blended PBMA-b-PAz (10 %)/PS-b-PAz films
after annealing at 130 8C for 10 min followed by a gradual

cooling are shown in Figure 2b. These marked changes show
that, also for the block copolymer system, the homeotropic-
to-parallel orientational change of Az mesogens occurs upon
addition of the PBMA-b-PAz and subsequent annealing. GI-
XRD measurements similarly revealed that the addition of
PBMA-b-PAz and annealing drastically changes the orienta-
tion of the smectic layer (d = 3.6 nm), as shown in Figure 2c
and d. The MPS cylindrical pattern within the PBMA-b-PAz
(10 %)/PS-b-PAz film are oriented parallel to the substrate
following the Az mesogen alignment.[14b,c]

Similarly to the PAz homopolymer case, qw of the PS-b-
PAz film surface significantly decreased from 109.8� 0.98 to
99.5� 0.58 (Table 1) by adding 10% PBMA-b-PAz and
annealing, which is indicative of the surface segregation and
enrichment of PBMA-b-PAz. The surface morphology eval-
uated by atomic force microscopy (AFM) revealed that the
vertically oriented cylindrical domains of PS are exposed to
the surface in the pure PS-b-PAz film (Figure 2e). The AFM
image in the phase mode showed a dot array structure
(average dot-to-dot distance; 46� 0.7 nm), which coincides
well with the 2/

ffiffiffi

3
p

times the (1 0) cylindrical plane spacing of
the bulk structure (40 nm) assuming hexagonal packing. In
contrast, the surface of the blend film of PBMA-b-PAz
(10 %)/PS-b-PAz exhibited a highly uniform surface. This fact
directly shows that the MPS domains of PS-b-PAz are buried
beneath the surface-segregated PBMA-b-PAz layer (Fig-
ure 2 f).

Table 1: Contact angles of water droplets (qw) on polymer surfaces of as-
cast films and after annealing at 130 8C.

Compound Contact angle qw [8]
As-cast After annealing

PS 95.0�0.9 98.0�0.7
PBMA 95.0�1.0 99.7�1.0
PAz 103.7�0.3 107.2�0.9
PS-b-PAz 103.4�0.7 109.8�0.9
PBMA-b-PAz 95.2�0.7 97.0�0.6
PBMA-b-PAz/PAz 94.3�0.8 95.5�0.2
PBMA-b-PAz/PS-b-PAz 95.3�0.8 99.5�0.5

Figure 2. a) Molecular formulas of PS-b-PAz. b) UV/Vis absorption
spectra of a PS-b-PAz thin film (c), and the PBMA-b-PAz (10%)/PS-
b-PAz blend thin film (a) after annealing at 130 8C. c) and d) The
2D GI-XRD patterns of a pure PAz film and PBMA-b-PAz (10%)/PS-b-
PAz blend thin films after annealing at 130 8C, respectively. In the XRD
patterns, 1D intensity profiles are indicated as white lines. e) and
f) 2.0 � 2.0 mm AFM images (phase mode) of annealed PS-b-PAz and
PBMA-b-PAz (10%)/PAz blend films, respectively.
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Based on these observations, the photoalignment behav-
ior by irradiation with linearly polarized light (LPL) was
examined for the surface-segregated films (Figure 3) because
the planar orientation of Az mesogenic groups is favorable for
photoalignment in the in-plane directions.[19] The PAz homo-
polymer and PS-b-PAz blended with 10 % PBMA-b-PAz and
annealing at 130 8C for 10 min first, and then irradiated with
436 nm LPL at 1 mWcm�2 for 1000 s at 90 8C and 110 8C was
performed, for PAz and PS-b-PAz, respectively. The resultant
polarized UV/Vis absorption spectra are shown in Figure 3a
and b. In both cases, highly aligned Az mesogens in the in-
plane direction were obtained. The order parameter S
[= (A?�Ak)/(A?+2Ak)], where A? and Ak denote absorb-
ance at the lmax of the p–p* absorption band of the Az unit
(ca. 350 nm) obtained by measurements using polarized light
with E perpendicular and parallel to that of actinic polarized
light respectively, reached 0.67 and 0.48, respectively. The GI-
XRD results indicate the existence of more ordered, verti-
cally aligned smectic layers in the film when the direction of
the X-ray beam incidence was set orthogonal to the actinic
LPL direction (Figure 3c and d).[14b,19]

For the photoaligned block copolymer film of PBMA-b-
PAz (10 %)/PS-b-PAz, the structure of the MPS cylinders of

the PS-b-PAz film was evaluated by GI-small angle X-ray
scattering (GI-SAXS) measurements (Figure 3 e) and trans-
mission electron microscopy (TEM, Figure 3 f). The scatter-
ing spots in the GI-SAXS were observed at (q = 0.22 nm�1

(d = 40 nm, white arrows), which corresponds to the in-plane
aligned MPS cylindrical domains. In the TEM image of
a RuO4-stained sample, a cross-section sliced in the parallel
direction to the actinic LPL provided regularly arranged dark
dot parts of the PS domains within the film with a total
thickness of about 200 nm. The averaged center-to-center
domain distance between the PS cylinders was 46 nm, in good
agreement with the above X-ray and AFM (Figure 2e) data.
It should be noted that the light dose required for MPS
alignment is 1000 mW cm�2, which is much less than that
required for the relevant PS-b-PAz film without the segre-
gated layer (6000 mJ cm�2),[14a] indicating that more efficient
in-plane MPS domain alignment is attained owing to the pre-
orientation in the in-plane direction by the surface layer.
More importantly, the TEM image revealed the existence of
a thin skin layer of about 20 nm thickness at the topmost
surface, observed as a brighter region. This surface skin layer
should correspond to the surface-segregated PBMA-b-PAz.
In this case, 10% PBMA-b-PAz was blended, and therefore
the thickness of the top layer was almost 10% of the total
thickness. In the skin layer, no MPS was recognized, which
can be understood from the fact that the skin thickness is
below the level of MPS domain formation of this PBMA-b-
PAz (lamella-forming polymer with a 49 nm period).

The orientation and alignment behaviors proposed in this
work are illustrated in Scheme 1. In the pure PAz film (upper
process), the homeotropic anchoring to the free surface of Az

mesogens (rodlike orange units) induces the normal orienta-
tion. For the PS-b-PAz block copolymer film (lower process),
the MPS cylindrical domains (blue cylinders) are accordingly
oriented perpendicularly to the substrate (top left). Blending
the surface-active PBMA-b-PAz and subsequent annealing
lead to a skin layer formation on the surface, which blocks the
homeotropic anchoring of Az mesogens, and provides planar
orientation of Az mesogens and MPS cylindrical domains
with the substrate surface (schemes in the middle for both
processes). Owing to the preformed parallel orientation, LPL
irradiation efficiently leads to homogeneous in-plane align-
ment orthogonal to the electric field of the LPL (top right
schemes for both processes).

Figure 3. a) and b) UV/Vis absorption spectra of PBMA-b-PAz (10%)/
PAz (a) and PBMA-b-PAz (10%)/PS-b-PAz blend (b) films after
irradiation with 436 nm LPL at 1000 mJcm�2. The spectra were taken
with the probing beam parallel (a) and orthogonal (c) to the
actuating light. c) and d) 2D GI-XRD patterns of LPL-irradiated PBMA-
b-PAz (10%)/PAz (homopolymer) and PBMA-b-PAz (10%)/PS-b-PAz
(block copolymer) blend films, respectively (X-ray incidence: orthogo-
nal to the actinic LPL). e) GI-SAXS patterns for the MPS cylindrical
domain detection (X-ray incidence: parallel to the actinic LPL). In the
GI-XRD and GI-SAXS patterns, 1D intensity profiles are indicated as
white lines. f) TEM image of a cross-section of the PBMA-b-PAz
(10%)/PS-b-PAz film. The sample was sliced in the direction parallel
to the actinic LPL.

Scheme 1. Illustrations of the orientation and alignment process for
the PAz homopolymer (upper) and PS-b-PAz block copolymer (lower)
described in this study.
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The homeotropic anchoring of rodlike LC molecules at
the free surface has been predicted by theoretical consider-
ations,[10, 20] and experimental observations of side-chain LC
polymer thin films are in agreement with this.[21] When the
free surface is covered with a segregated layer, the excluded
volume effect from the plane solid substrate should domi-
nate.[22] An alternative explanation can be the tendency to
adopt a planar orientation of the mesogenic groups in the
segregated PBMA-b-PAz.[14b] It is noteworthy that the LC
mesogens and MPS domain orientations in pure LC polymer
films were unaffected by the surface energy of the substrate
surface. LC and MPS domain orientations were evaluated for
both clean hydrophilic (qw< 108) and hydrophobized (qw =

ca. 808) quartz plate surfaces, and the orientation were the
same, regardless of the surface energy of the solid substrate.
This fact implies the predominant role of the free surface in
the vertical orientation in the LC polymer film. The
importance of the free surface for the Az mesogen orientation
was also suggested recently by Iyoda et al.[23] Further inves-
tigation is needed to elucidate what factors significantly affect
the alignment alternation. The blend ratio, molecular weight,
block ratio of the added polymer, chemical structure,
thermophysical property of the coil block of the added
polymer, total film thickness, and annealing procedures
should greatly influence the orientation behavior. For exam-
ple, reduction of the mixing ratio to 5 wt % of PBMA-b-PAz
resulted in an incomplete planar orientation. We are now
making efforts to gain a better understanding of this
phenomenon.

In conclusion, this work first demonstrates the clear
orientational alternations of LC mesogens and the MPS
domains by modifying the free surface, which is accomplished
by simply blending a surface-active polymer and performing
the appropriate annealing step. This strategy is very simple
and is therefore expected to open up new possibilities for
orientation controls of various types of LC materials.
Selective surface segregation of a surface-active polymer
component has promising applications for imposing surface
functions such as adhesive and frictional properties[24] and for
improving biocompatibility.[25] In addition to such functions
accessing the exterior phase, the present work indicates that
free surface segregation is also valuable for the control of the
interior structure of the polymer film.
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