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ABSTRACT: Single-layer thin alignment films of dye
molecules are of growing importance, particularly for state-
of-the-art LCD technology. Here we show that a sequential
process involving the photoalignment and humidification of a
chromonic liquid crystalline azobenzene (brilliant yellow; BY)
dispersed in a triacetyl cellulose (TAC) matrix gives a thin
alignment film with an exceptionally high order parameter (0.81). Spectroscopic and X-ray diffraction analyses of a BY/TAC
composite film in each alignment process revealed that brief humidification triggers restructuring of the BY assembly from 1D
nematic-like order to anisotropic 2D columnar order, resulting in the dramatic increase in the order parameter.
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Alignment films play important roles in many applications
such as polarizers in liquid crystal displays (LCDs), optical

modulation device, optical data storage, and polarization
holography.1−4 Conventionally, polarizers for LCDs have
been fabricated by the mechanical stretching of iodine-doped
poly(vinyl alcohol) (PVA).5 In the present state-of-the-art LCD
technology, there is a strong demand for thin in-cell-type
polarizers,6,7 which, however, is difficult to fabricate by
mechanical stretching. In this context, alignment films with
dichroic dye molecules have become a focus of attention, since
they potentially exhibit large absorption over a wide range of
visible regions.8,9 Two methods are available for the fabrication
of such alignment films. One uses mechanically oriented
polymer films as a substrate to align dichroic dyes,10,11 giving
bilayer-type polarizers.12,13 Although this method can achieve a
high order parameter of dye molecules (up to 0.8), it needs a
multistep process and is limited in its ability to reduce the film
thickness. The other method makes use of the direct alignment
of dichroic dyes dispersed in a polymer matrix, where
photoalignable dichroic azobenzene dyes have widely been
used.2,14−17 Upon exposure to linearly polarized ultraviolet light
(LPUV), azobenzene molecules tend to align in such a way that
the longer molecular axis is oriented perpendicular to the
polarizing direction of the incident light.3,18−22 The photo-
alignment mechanism involves the iterative trans−cis photo-
isomerization of the azobenzene chromophore. This method
allows the fabrication of single layer-type thin polarizers by a
single step, which is a great advantage over the former method.
However, the order parameters that have been achieved by this
method are at most 0.5.6

In this report, we show that an alignment film with an
exceptionally high order parameter (0.81) can be realized by a
sequential process involving the photoalignment and humid-
ification of an azobenzene dye, referred to as brilliant yellow
(BY, Figure 1a), dispersed in triacetyl cellulose (TAC, Figure
1a) as a polymer matrix. BY is known to be a photoalignable
dichroic dye4,23,24 and behaves as a chromonic liquid crystal, a
class of lyotropic liquid crystal composed of dye mole-
cules.25−28 The photoalignment of BY dispersed in polymer
matrices has been investigated previously.4 For instance, upon
exposure to LPUV, BY molecules in polyvinylpyrrolidone
(PVP) can align, whereas those in PVA hardly undergo
photoalignment, where the hydrogen bonding interaction
between BY and PVA molecules has been suggested to have
a negative effect. Nevertheless, the best order parameter ever
reported for BY in alignment films is lower than 0.3.4 The key
to the present achievement, in which we realized a very high
order parameter (0.81), is the combination of humidification to
trigger the structural reordering of BY and the use of TAC as a
polymer matrix (Figure 2). TAC is optically transparent and
thermally stable, and has a high glass-transition temperature
(171 °C).29 TAC is hydrophobic but possesses moisture
permeability to a certain extent. Because of these properties,
TAC serves as an excellent polymer matrix for the dispersion,
photoalignment, and humidification-driven reordering of BY.
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Typically, spin-coating a N-methylpyrrolidone (NMP)
solution (0.3 mL) of a mixture of BY (1.0 wt %) and TAC
(1.0 wt %) onto a quartz substrate (3.0 × 2.0 cm2), followed by
annealing at 100 °C for 30 s, affords a BY and TAC composite
(BY/TAC) film with a thickness around 60 nm. As observed by
optical microscopy (Figure S1 in the Supporting Information),
the resulting thin film does not contain large grain aggregates.
Thus, BY are miscible in the TAC matrix without macroscopic
phase separation. To align the BY molecules in the TAC matrix,
the spin-coated film was exposed to LPUV (5.0 J/cm2) for 8
min through a cut filter (λ > 350 nm, Figure 2). We confirmed

that such a short-term exposure is enough for achieving the
maximal order parameter of BY (Figure 3b). Polarized
electronic absorption spectroscopy of the irradiated film
showed that, when the polarizing direction of the incident
light for spectroscopy was parallel to that of incident LPUV for
photoalignment, the absorption maximum (A//) at 402 nm due
to the azobenzene chromophore was decreased (Figure 3a,
orange), compared with that observed for the as-annealed film
(Figure 3a, blue). On the other hand, when the polarizing
direction of the incident light was perpendicular to that of
incident LPUV, the absorption maximum (A⊥) was increased
(Figure 3a, red). Figure 3c shows polar plots of the relative
absorbance at 410 nm (Arel) observed for the irradiated film
versus the azimuthal angles (θ) between the polarizing
directions of the incident lights for spectroscopy and
photoalignment. The obvious dichroic feature with maxima at
θ = 90° and 270° (Figure 3c, red) indicates that the BY
molecules in the TAC matrix align perpendicular to the
polarizing direction of LPUV. Based on the polar plot (Figure
3c), the order parameter of BY (S), given by S = (A⊥ − A//)/
(A⊥ + 2A//), is determined to be 0.45. This value is much
higher than that reported for BY in PVP (S = 0.3).4

The annealing temperature of the spin-coated BY/TAC film
affects the order parameter of BY. When a spin-coated film was
heated at 80 °C for 30 s and then exposed to LPUV (5.0 J/cm2,
λ > 350 nm, 8 min), the S value of the resultant film was 0.40.
The order parameter further decreased to 0.22, when a spin-
coated film was thermally processed at a lower temperature (60
°C) under otherwise identical conditions. Gas chromatographic
(GC) analysis showed that the spin-coated BY/TAC films, after
being annealed at 60, 80, and 100 °C, contain 4.9, 5.0, and 4.2
wt % of NMP, respectively. Considering the negligible
difference in the amount of NMP, it is unlikely that the
residual solvent affects the ordering of the BY molecules. The
effect of the annealing temperature on the order parameter is
presumably due to the enhancement of the dispersibility of the
BY molecules in the TAC matrix at a high temperature. As
shown in Figure 1b, the absorption maxima of the azobenzene
chromophore in the films, after being heated at 60 and 100 °C,
appear at 410 and 402 nm, respectively. The former absorption
maximum agrees with that observed for a solid film composed
of BY alone (Figure 1c, solid curve), and the latter is identical
to that observed for a diluted aqueous solution of BY (Figure
1c, broken curve). These results suggest that heating at 100 °C,
which leads to the improvement of the dispersibility of the BY
molecules in the TAC matrix, produces a larger free volume
around BY to facilitate the trans−cis isomerization.30
We found that the order parameter (S) of BY in the

photoalignment film is increased upon humidification (Figure
2). For example, when the photoalignment BY/TAC film (S =
0.45) was allowed to stand under humid conditions (60%rh at
25 °C) for 100 min, the S value was increased to 0.58.
Noteworthy, when the photoalignment BY/TAC film was
processed in a similar manner, except that humidification was
performed at a higher temperature (40 °C) for just 10 min, the

Figure 1. (a) Molecular structures of brilliant yellow (BY) and
triacetyl cellulose (TAC). (b) Electronic absorption spectra of spin-
coated BY/TAC films after they were heated at 60 (black), 80 (blue),
and 100 °C (red) for 30 s. (c) Normalized electronic absorption
spectra of an aqueous solution (broken curve) of BY (2.0 × 10−5 mol/
L) and a thin solid film (solid curve) of BY.

Figure 2. Schematic illustration for the alignment process of the BY molecules dispersed in a TAC matrix.
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S value was dramatically increased from 0.45 to 0.81 (Figure
3d), as determined by the polar plot (Figure 3c, green). The
order parameter decreased under continuous humidification at
40 °C, and fell to a value that was even lower (e.g., S = 0.33,
after 100 min) than the original (S = 0.45). This seems
reasonable, because prolonged humidification decreases the
concentration of BY in the film by hydration of its ionic
pendants and eventually causes the disordering of the BY
molecules below the critical concentration for generating the
liquid crystal phase. Meanwhile, once the 10 min-humidified
film (S = 0.81) was dried, no change of the S value was
observed even after the film was allowed to stand under
atmospheric humidity and temperature conditions for at least 3
months. As a control experiment, when the photoalignment
film (S = 0.45) was simply left standing at 40 °C for 10 min
without humidification, the order parameter was unchanged.
Even upon heating at a higher temperature (e.g., 100 °C), the
photoalignment film showed a negligibly small increase in the
order parameter (S = 0.47). We also confirmed that the
thickness of the BY/TAC film has little influence on the order
parameter of BY in each alignment process (Table S1 in the
Supporting Information).
Electronic absorption spectroscopy demonstrates the re-

ordering of BY associated with brief humidification at 40 °C. As
described above, the photoalignment film before humidification
displays an absorption maximum at 402 nm (Figure 3a, red and
orange). Upon 10 min-humidification (60%rh) at 40 °C, the

absorption maximum shifts to 418 nm (Figure 3a, green and
black). The analogy of the spectroscopic features between the
humidified film (Figure 3a, green and black) and the solid BY
film (Figure 1c, solid curve) suggests that brief humidification
triggers the reordering of the BY molecules into a particular
assembling structure due to the lyotropic liquid crystalline
nature.
Using wide-angle X-ray diffraction (XRD), we investigated

the assembling structure of BY caused by humidification. Thus,
an alignment film, fabricated by 10 min-humidification (60%rh)
at 40 °C, was exposed to an X-ray beam (λ = 1.542 Å) in the
direction parallel to the incident LPUV for photoalignment.
The resultant out-of-plane XRD profiles displayed a weak
diffraction peak with a d-spacing of 3.5 Å (red curve in Figure
S2 in the Supporting Information), which is assignable to the
plane-to-plane separation of π-stacked BY.26 On the other
hand, when the direction of the incident X-ray beam was
perpendicular to that of incident LPUV, no diffraction was
observed from the film (black curve in Figure S2 in the
Supporting Information). These observations indicate that the
BY molecules assemble to form a one-dimensional (1D)
column, the axis of which is parallel to the polarizing direction
of incident LPUV.
By means of grazing incidence X-ray diffraction (GI-XRD)

using a synchrotron X-ray beam (λ = 1.0 Å), we further
investigated how the BY molecules assemble in the alignment
film with such an exceptionally high order parameter (S =

Figure 3. (a) Polarized electronic absorption spectra of a BY/TAC film after it was heated at 100 °C for 30 s (blue), exposed to LPUV (5.0 J/cm2, λ
> 350 nm, 8 min; red and orange), and then humidified (60%rh, 40 °C, 10 min; green and black). The red and green spectra were obtained by
setting the film in such a way that the polarizing direction of the incident light for spectroscopy is perpendicular to that of incident LPUV. The
orange and black spectra were obtained by setting the film in such a way that the polarizing direction of the incident light for spectroscopy is parallel
to that of incident LPUV. (b) Exposure-time dependence on the order parameters (S) of BY in the BY/TAC film. (c) Polar plots of the relative
absorbance at 410 nm (Arel), recorded upon rotation of a polarizer at 5° increments, for the BY/TAC film after being heated (blue), exposed to
LPUV (red), and humidified (green). The azimuthal angle (θ) is defined as zero when the polarizing direction of the incident light for spectroscopy
is parallel to that of incident LPUV. (d) Time-dependence of the order parameters (S) of BY in the BY/TAC film, upon continuous humidification
(60%rh) at 40 °C.
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0.81). For this purpose, we fabricated a thin cast film of BY/
TAC (60 nm in thickness) on quartz substrates and processed
them sequentially by LPUV irradiation (5.0 J/cm2, λ > 350 nm,
8 min) and humidification (60%rh, 40 °C, 10 min). Upon
exposure to the X-ray beam in a direction parallel to the
polarizing direction of the incident LPUV, the resultant film
showed three diffraction arcs with d-spacings of 15.5, 11.7, and
10.1 Å, which can be assigned, respectively, to the diffractions
from the (101), (200), and (002) planes of a two-dimensional
(2D) rectangular lattice (Figure 4a and Figure S3a in the
Supporting Information). The lengths of the longer (a) and
shorter (c) axes are determined to be 23.4 and 20.3 Å,
respectively. Importantly, the length of the [101] axis (30.9 Å)

of the rectangular lattice is in excellent agreement with the sum
of the length of the longer molecular axis of BY (27.0 Å) and
the size of a water molecule (3.8 Å). We speculate that the
longer molecular axis of BY aligns along the [101] axis across a
water molecule (Figure 4c), most likely due to hydrogen
bonding between the terminal hydroxyl groups of BY and a
water molecule. Meanwhile, when the 2D GI-XRD image of the
processed film was measured by exposing it to an X-ray beam in
a direction perpendicular to the polarizing direction of the
incident LPUV, only weak diffraction from the (101) plane
appeared in the out-of-plane direction (Figure 4b and Figure
S3b in the Supporting Information). This observation indicates
that the ac plane of the 2D lattice is oriented parallel to the
direction of the incident X-ray beam, i.e., perpendicular to the
polarizing direction of the incident LPUV. As a reference, we
also performed GI-XRD experiments on the BY/TAC film
before humidification, where a diffraction arc was observed in
the in-plane direction, only when the polarizing direction of
incident LPUV and the direction of the X-ray beam were
identical to one another (Figure S4 in the Supporting
Information). Because the d-spacing (15.9 Å) for this
diffraction is consistent with the distance between two sodium
sulfonate groups in BY (i.e., the shorter molecular axis), the BY
assembly before humidification has just 1D nematic-like order.
From all of the above observations, we can conclude that the

formation of a 2D rectangular lattice composed of columnarly
assembled BY molecules plays a key role in achieving such a
high order parameter (S = 0.81). BY bears sodium sulfonate
groups at the inside phenylene rings. In the humidification
process, hydration may occur site-selectively around the
hydrophilic functionality (Figure 4d), bringing out the lyotropic
liquid crystalline property of BY to facilitate the reordering of
the molecules. Consequently, the BY assembly, which originally
has 1D nematic-like order, becomes a higher order 2D
assembly with a large structural anisotropy, thus leading to a
dramatic increase in the order parameter.
In summary, we have demonstrated the photoalignment of

an azobenzene-based dye (brilliant yellow; BY) in a polymer
matrix (triacetyl cellulose; TAC) to allow the fabrication of a
single-layer alignment film with an exceptionally high order
parameter (S). The resulting S value (0.81) is the highest
among those reported for alignment films fabricated by
photoalignment. We have also highlighted the importance of
the humidification-driven 1D-to-2D structural reordering of the
BY molecules in TAC, which is enabled by the lyotropic liquid
crystalline nature of BY, together with the compatibility of BY
with the polymer matrix. The present work might offer a new
avenue for the development of thinner and higher-performance
alignment films.
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Figure 4. 2D GI-XRD images of a photoalignment film of BY/TAC
(60 nm in thickness) with humidification, where the film was set in
such a way that the direction of incident X-ray beam is (a) parallel and
(b) perpendicular to the polarizing directions of the incident LPUV.
Values in parentheses indicate Miller indices. The black sections in the
out-of-plane direction are inaccessible areas in the q-space (see also
Figure S3 in the Supporting Information). Schematic illustrations of
(c) the 2D rectangular lattice and (d) the assembled structure of the
BY molecules (orange) formed in the humidified film. Most likely,
water molecules are localized in the light blue regions to increase the
relative electron density.
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