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Abstract: Photoalignment technology enables macroscopic alignment of liquid crystalline molecules
and their aggregates in a non-contact process by irradiating photo-responsive liquid crystalline
compounds with linearly polarized light. Because photoalignment techniques prevent dust genera-
tion and uneven stretching, and accomplish fine and complex patterning, they are involved in the
practical process of fabricating display panels, and continue to be applied in the research and creation
of various anisotropic materials. Brilliant yellow (BY), a chromonic liquid crystal, has attracted
considerable attention as the photoalignment sublayer in recent years, because of its ability to induce
a high dichroic nature among many photo-responsive liquid crystalline materials. However, its
dichroism is not maintained after prolonged exposure to a humid environment because of its intrinsic
strong hygroscopicity of ionic BY molecules. In this study, to overcome this drawback, the photoalign-
ment and successive photo-fixation of the BY columnar phase is proposed using UV-curable ionic
polysiloxane as a matrix. Visible light was used for the photoalignment of the BY columnar phase,
and UV light for photo-fixation. Consequently, the columnar chromonic phase is found to retain its
orientation even after 4 h of exposure to a highly humid environment.

Keywords: chromonic liquid crystal; polysiloxane; photoalignment; UV curing

1. Introduction

Liquid crystals (LCs) self-assemble in response to temperature, electric fields, con-
centration, light irradiation, and other environmental conditions to form nano-periodic
structures. Such soft materials are suitable for templates of nanostructures [1]. The dynamic
cooperativity of LCs also facilitates control of the arrangement of molecules and their
aggregates over a macroscopic scale, and enables their use in a variety of applications such
as biosensors, optical devices, separators, and actuators [2-5]. Among them, lyotropic
LCs mostly self-assemble in aqueous solvents, and they can be applied to various environ-
mentally friendly processes. Some lyotropic LCs are classified as chromonic LCs [6-11].
Chromonic LCs are soft materials containing dye groups such as mesogens, which self-
assemble to form columnar nanostructures via 77t interaction in solvents. The self-assembly
structures that involve absorption anisotropy of chromonic LCs can be applied to optically
functional films when the structures are align overlarge areas [12-15]. In particular, the
optical manipulation of chromonic LC phases using photoalignment techniques [16-18] has
the advantage of ready achievement of fine patterning, which is difficult to be accomplish
by conventional mechanical rubbing or film stretching techniques [19-22].

Among chromonic LCs, brilliant yellow (BY) (as shown in Scheme 1) has attracted
significant attention in recent years, and research using BY films as LC alignment sublayers
has been extensively undertaken [23-38]. This is because the columnar LC phase of BY
is well photoaligned using linearly polarized UV or visible light, creating highly dichroic
optical films [39—42]. Such photoaligned BY films function well as alignment sublayers
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for low-molecular-mass nematic LCs. However, BY exhibits a hygroscopic nature, which
means that it cannot maintain dichroism for a long time in a highly humid environment.
If the photoaligned BY columnar phase can be stabilized, it is anticipated that the high
dichroic properties of BY could be used in more applications in wider variety situations;
however, such a methodology has not yet been proposed.
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Scheme 1. Chemical structure of chromonic liquid crystal used in this study.

Matrix fixation by sol-gel reaction is often used in the stabilization of lyotropic LC
phases [43,44]. However, chromonic LCs generally have low solubility in metallic-alkoxide
sol (such as silica sol), and the addition of a compatibilizer is necessary to improve compat-
ibility [14,45]. In addition, the chromonic LCs are solidified by the silica matrix through
film formation, which makes photoalignment of BY after film formation difficult to achieve
using conventional stabilization methods for lyotropic LCs.

Some recently developed ionic linear polysiloxanes are compatible with the hy-
drophilic region of lyotropic LC phases [46]. By introducing functional groups that can be
cross-linked by ultraviolet light into polysiloxane, it is also possible to fix the LC phase
in the matrix at targeted times and locations after film formation [47]. Conversion of the
ionic groups of polysiloxanes is relatively easy, and a variety of ionic polysiloxanes can be
prepared [48]. The ease of design of the ionic group of polysiloxanes means that develop-
ment of an ionic polysiloxanes with high compatibility with chromonic LCs can be easy. In
this study, the design for an ionic linear polysiloxane that is compatible with BY and has
photo-crosslinking groups is proposed. By preparing a mixed thin film of the polysiloxane
and BY, the photo-orientation of the BY columnar phase by visible light is demonstrated
in the polysiloxane matrix. Subsequent fixation by UV light irradiation is also achieved.
By photo-fixing the BY columnar phase, the dichroism ratio may be maintained even after
extended exposure to a humid environment.

2. Materials and Methods
2.1. Materials

Scheme 2 shows the chemical structures used in this paper. BY chromonic dye
and Irgacure® 2959 (12959) photoinitiator were purchased from Sigma-Aldrich and
Tokyo Chemical Industry (TCI), respectively. An anionic linear polysiloxane containing
vinyl groups (PSSV) was synthesized via polycondensation of silane coupling agents.
N, N-Dimethylformamide (DMF) was purchased from Kanto Chemical. The 12959 and
DMF used were of commercial purity. Water was obtained through a Direct-Q® 3UV
purification system (Millipore Corp., Burlington, MA, USA, p (resistivity) > 18 MQ-cm
at 25 °C).
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Scheme 2. Chemical structures of hygroscopic siloxane copolymer and photoinitiator used in
this study.

2.2. Synthesis of PSSV

PSSV was synthesized according to the scheme shown in Figure 3a [49]. The detailed
procedure is follows.

1.8 g (1.0 x 1072 mol) of 3-mercaptopropyl(dimethoxy)methylsilane (TCI) and
3.5 x 1072 g (2.6 x 10~* mol) of dimethoxymethylvinylsilane (TCI) were added to 54 g
of 2mol L™! of sodium hydroxide (TCI). The mixture solution was stirred at 25 °C for
2 h before the addition of polysiloxane containing mercapto groups and vinyl groups. To
oxidize the mercapto groups, 6 g of 30% hydrogen peroxide water (Kanto Chemical) was
added to the mixture solution, and the resulting solution was stirred at 25 °C for 12 h. The
solvent was dried using a smart evaporator C1 (BioChromato) and a white powder was
obtained. The powder was dissolved in 300 mL of water, and ion exchange occurred using
an ion-exchange resin Amberlite® IR120, in hydrogen form (Fluka). After the solution was
treated using an ion-exchange resin IR120B Na (Organo) and dried using an evaporator,
2.1 g of white powder was obtained.

'H NMR spectra of the product were recorded using a 400 MHz FT-NMR spectrometer
JNM-A400 (JEOL). The spectrum is shown in Figure 3b. The molar ratio of each monomer
unit in the copolymer was 90:1, which was calculated from the peak-integration ratio of
peak d and f in the 'H NMR spectrum.

2.3. Preparation of Pure BY Spin-Coated Films

BY was added to DMF (BY concentration: 1.5% by weight). The solution was heated
in an oil bath at 150 °C for 4 h and allowed to cool before the undissolved portion was
removed by filtration. Pure BY films were prepared by spin-coating the filtered solution
onto the UV-Oj treated quartz. The spin-coated films were prepared at 1500 rpm for 30 s.
The relative humidity at the time of spin-coating was 14% (RH = 14%), as measured using
an RTR-503 temperature and humidity recorder (T&D Corp.). The resulting films were
then annealed at 120 °C for 10 min.

2.4. Preparation of BY-PSSV Spin-Coated Films

BY, PSSV, and 12959 were added to mixture of DMF and water. The weight ratio
of the components was BY:PSSV:12959:DMF:water = 1.2 x 10':3.0:6.0 x 1072:7.4 x 10?%:
2.2 x 10'. The solution was filtered to separate the undissolved portion. The BY-PSSV
films were prepared using the filtered solution in the same way as the pure BY film. The
resulting films were annealed at 120 °C for 10 min.

2.5. Film Thickness Measurement

Surface roughness was characterized by a white light interferometric BW-5507-N
microscope (Nikon Corp., Tokyo, Japan). Bridgelements® was used for the software
modules. To measure film thickness, the substrate was exposed by scratching the film with
a micro spatula. Subsequently, the height difference between the top and bottom layer of
the film was measured by a BW-5507-N microscope. The top-to-bottom height was taken
as the film thickness.
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2.6. Water Absorption Measurements

The hygroscopicity of pure BY and PSSV was evaluated by the quartz crystal microbal-
ance (QCM) method. The QCM measurements were performed based on the methodology
of previous research [50]. As PSSV exhibits high hygroscopicity, the QCM measurements
could not guarantee accuracy when RH > 50%. Therefore, the water absorption of PSSV in
the high humidity range was evaluated by the following method. Approximately 30 mg of
PSSV was exposed to various humidity-controlled environments for several days. Once it
reached an equilibrium moisture absorption state, its weight was measured. The relative
humidity was controlled using a saturated aqueous solution of inorganic salts such as mag-
nesium nitrate (RH ~50%), sodium chloride (RH ~65%), potassium chloride (RH ~80%),
and potassium nitrate (RH ~88%). Experimental values of relative humidity realized in the
saturated aqueous solutions of each inorganic salts are given in parentheses. All salts were
purchased from Kishida Chemical and used as purchased.

2.7. Photoalignment of the BY Columnar Phase

The spin-coated films were placed on a homemade quartz chamber attached to the
RTR-503 humidity sensor. The humidity in the chamber was controlled at approximately
15% using a me-40DP series precise dew-point generator (Micro Equipment). The spin-
coated films in the chamber were exposed to linearly polarized visible (LPVis) light (436 nm)
passed through a band pass filter and a polarizer using a mercury lamp REX-250 (Asahi
Spectra) at room temperature. The light intensity at the sample position was 10 mW cm 2.

Polarized UV-vis absorption spectra were taken on an Agilent 8453 spectrophotometer
(Agilent Technologies). The orientation order parameter (S) of BY molecules is defined as
(AL — A1)/ (Alarge + 2Asman), where A| and A || are absorbances taken with perpendicular
and parallel polarized probing beams, respectively. Ajyrge and Agmay represent the larger
and smaller absorbances of the two measurements, respectively.

2.8. Evaluation of the Photoaligned BY Columnar Phase by X-ray Scattering Measurements

Grazing-incidence small-angle X-ray scattering (GI-SAXS) measurements were taken
by an FR-E X-ray diffractometer equipped with a two-dimensional detector R-axis IV
(Rigaku) involving an imaging plate (Fujifilm). An X-ray beam (Cu K& = 0.154 nm, 0.3 mm
collimated) was used, and the camera length was set at 300 mm. The spin-coated films were
placed onto a pulse motor stage composed of oblique pulse (ATS-C310-EM, Chuo Precision
Industrial) and Z-pulse (ALV-3005-HM, Chuo Precision Industrial) motors. The incident
angle of the X-ray beam was adjusted between 0.18 and 0.22° to the substrate surface using
the pulse motors.

2.9. UV-Curing of BY Columnar Phase

For UV-curing of the BY columnar phase, non-polarized UV light (365 nm, 5 mW cm~2)
passed through band pass filter from a REX-250 was irradiated to the spin-coated films for
5 min.

3. Results and Discussion
3.1. Photoalignment and Humidity Resistance of Pure BY Film

White interference microscopy images of BY films are shown in Figure 1a. The groove
in the center of the image was formed when the film was scraped with a micro spatula. A
smooth surface morphology with a film thickness of approximately 23 nm was obtained.
Figure 1b shows the polarized UV-vis absorption spectrum of the BY film irradiated with
LPVis light. The dichroism was induced upon LPVis irradiation. The order parameter (S)
for the irradiation dose reached approximately 0.5 at 3 ] cm~2, and subsequent irradiation
provided S = 0.7 after further dose (Figure 1c), indicating that BY is highly photoaligned by
LPVis irradiation.
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Figure 1. (a) Surface topographical morphology of pure BY film. The cross-section of the average
height profile along the A-B line in the box is shown below. (b) Polarized UV-vis absorption spectra
change of pure BY films associated with exposure to LPVis light. (c) Order parameter change
associated with dose of visible light. (d) GI-SAXS images of pure BY films irradiated with LPVis light
of 27 J cm~2 dose. (e) In-plane intensity profiles of d. (f) Photoaligned BY columnar phase.

Scattering images and in-plane intensity profiles obtained by GI-SAXS measurements
of a BY film irradiated with 27 ] cm~2 of LPVis light are shown in Figure 1d,e, respectively.
When the X-rays were incident parallel to the direction of LPVis light, scattering with an
in-plane spacing of 1.59 nm was observed in the in-plane direction, suggesting that the
average distance between the columnar aggregates of BY was observed as the scattering
peak [39]. Thus, the BY aggregates are uniformly oriented with the column axis parallel to
the LPVis light, as shown in Figure 1f.

Figure 2 shows UV-visible spectral changes and S when the photoaligned the BY
columnar phase was exposed to a high RH at 90%. A red shift occurred after 1 h of the
humidification, and the S value decreased with further humidification. This can be ascribed
to the fact that BY exhibits a hygroscopic nature, as shown in Figure 2c. The adsorbed
water can cause an orientational relaxation of the hydrated the aggregates, leading to the
deterioration of photoalignment.
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Figure 2. (a) Polarized UV-vis absorption spectra change with humidification at RH = 90% for
photoaligned pure BY film. Black, blue, brown, and green lines indicate spectra after humidification
of 0,1, 1.5, and 2 h, respectively. (b) Order parameter change with humidification for photoaligned
pure BY film. (¢) Humidity-responsive weight change ratios of BY film prepared on a QCM electrode.
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3.2. Hygroscopicity of Ionic Linear Polysiloxane Containing Sodium Sulfonate Groups

The ionic linear polysiloxane PSSV was used for the fixation of the BY columnar phase.
Spin-coated films of PSSV were prepared on a QCM electrode substrate, and the weight
change of the films was monitored upon humidification (Figure 3c). The weight of the
films increased as the relative humidity in the chamber increased. Within two minutes of
the humidity jump operation, the film reached an equilibrium state. This indicates that
the PSSV rapidly absorbs moisture. The humidity dependence of the relative weight on
the PSSV in the dry state (RH = 0%) is shown in Figure 3d. Here, the data in the high
humidity range at RH > 60% were calculated using the saturated salt method for a bulk
PSSV. The weight of PSSV increased continuously with increasing humidity, reaching a
factor of approximately 2.2 at RH = 90%. The hygroscopic behavior of PSSV was similar
to that of cationic linear polysiloxanes with ammonium salts, which has previously been
reported [51].
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Figure 3. (a) Synthetic scheme to prepare anionic linear polysiloxane PSSV. (b) 'H NMR spectrum of
PSSV. (c) Time course profiles of the changes in relative humidity and weight change of PSSV film
on QCM electrode. (d) Humidity-responsive weight change ratios of film-state PSSV (circle) and
bulk-state PSSV (square).
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3.3. Photoalignment of the BY Columnar Phase in PSSV Matrix Using LPVis Light

Figure 4a shows the polarized UV-vis absorption spectra of thin films composed of BY
and PSSV when irradiated with LPVis light. The maximum absorption wavelength of the
spectrum was blue-shifted by 5 nm from 410 nm by LPVis irradiation, and dichroism was
also observed. It is likely that the presence of PSSV prevented BY from forming aggregates
before LPVis irradiation, because no blue-shift phenomenon was observed when the pure
BY film was irradiated with LPVis light. The S of the films irradiated with polarized visible
light above 18 ] cm~2 was 0.65-0.70 (Figure 4b), indicating that the BY columnar phase was
highly photoaligned even in the PSSV matrix. GI-SAXS measurements also yielded data
suggesting photoalignment of the BY columnar phase (Figure 4c,d). The periodic structure
size after LPVis irradiation was also identical to that of the pure BY film, suggesting that
the PSSV does not encompass each column, but bundles the domains of the BY columnar
structure as shown in Figure 4e.
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Figure 4. (a) Polarized UV-vis absorption spectra change of BY-PSSV films associated with exposure
to LPVis light. (b) Order parameter change associated with dose of visible light. (¢) GI-SAXS images
of BY-PSSV films irradiated with LPVis light of 36 ] cm 2 dose. X-ray beams were aligned to two
directions parallel and perpendicular to the irradiated light. (d) In-plane intensity profiles of c.
(e) Photoaligned BY columnar phase in PSSV matrix. PSSV is present in the blue region that bundles
the BY domain.

3.4. UV Curing of the BY Columnar Phase in the PSSV Matrix

When the photoaligned BY columnar phase within the PSSV matrix was exposed to a
RH level of 90% (show in route 1, Figure 5a), a red shift in the trr* absorption band occurred
(Figure 5b). As in the case of the pure BY film, it was considered that the BY columnar phase
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was hydrated by the absorbed water, leading to the collapse in the photoalignment. The
increase in time until S decreases compared to that in the pure BY film is considered to be
because the PSSV matrix encapsulates the domains of the BY columnar phase and stabilizes
the BY columnar phase. However, the decrease in S was more profound than that of the
pure BY film. This may be due to the high hygroscopicity of PSSV, which enables a large
amount of water to be incorporated into the film. Once the BY columnar phase begins to
collapse, the orientation order is suddenly reduced after two hours. The GI-SAXS profiles
of the film exposed to humidification also showed a peak (d = 1.91 nm) when the X-ray
was incident perpendicular to the LPVis, suggesting a randomization of the photoaligned
BY columnar phase. The peak position differs from that before humidification (Figure 4d)
because the BY aggregates’ transition takes place from the nematic columnar phase to the
rectangular columnar phase due to humidification [39].
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Figure 5. (a) Schematic procedure for BY-PSSV film. (b) Polarized UV-vis absorption spectra change
(left), order parameter change (center), and in-plane profiles obtained by GI-SAXS measurements
(right) with humidification at RH = 90% for BY-PSSV film passing through route 1. In the left figure
of (b), black, blue, and brown lines indicate spectra after humidification of 0, 2, and 4 h, respectively.
The right side profiles in (b) were obtained by GI-SAXS measurements after humidification of 2 h.
(c) Data of BY-PSSV film passing through route 2, corresponding to (b).

Conversely, S was retained under the same humidity conditions when the UV-irradiated
BY-PSSV film was exposed to a humid environment (route 2 in Figure 5a). Additionally,
GI-SAXS measurements indicated that the photoalignment of the BY columnar phase was
retained (Figure 5c). Thus, it was found that the photoaligned BY columnar phase could
be firmly fixed by the crosslinking of PSSV. Figure 6a shows a visual photograph of the
BY-PSSV film prepared on a quartz substrate after irradiation with LPVis and non-polarized
UV lights, followed by further humidification at RH = 90% for 4 h. Figure 6b displays a
photograph of the same film in Figure 6a, taken through a polarizer set above the film. The
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color contrast of the film was significantly different when the direction of the transmitted
light was perpendicular or parallel to direction of the LPVis light. In Figure 6¢, the surface
morphology of the film is shown. Some dotted protrusions were observed when compared
to one of the pure BY film (see Figure 1a); however, overall, the surface of the BY-PSSV film
was flat. These results indicate that it was possible to form the films on centimeter-scale
substrates and to prepare large-area dichroic films even after humidification. Combined
with pattern exposure through a photomask, various absorption anisotropic films can
be developed. The film defects observed in Figure 6b were caused by repeatedly grab-
bing the film using tweezers during each humidification procedure and spectroscopic
measurements.

Height / nm
o838
N

0 200 400 600 800 1000
Width / nm

Figure 6. (a) Snapshot of BY-PSSV film on quartz. (b) Observation of BY-PSSV film through polarizer.
The film was irradiated with an LPVis light of 36 J cm 2 dose and a UV light of 1.5] cm~2 dose,
then exposed to a humid atmosphere of RH = 90% for 4 h. Brown and black arrows indicate the
directions of exposed LPVis light and polarizer, respectively. (c) Surface topographical morphology
of the BY-PSSV film by white light interference microscopy. The cross-section of the average height
profile along the A-B line in the top view image is shown below.

4. Conclusions

In this study, photoalignment and photo-fixation of the BY columnar phase were
achieved using anionic linear polysiloxane PSSV as a matrix. Using light of two differ-
ent wavelengths, the photoalignment and photo-fixation were independently achieved.
PSSV bundles the domain of the BY columnar phase; thus, after the UV curing, the film
dichroism remained as high as that of pure BY films, even after long-term exposure to the
high-humidity environment. As the BY columnar phase is often used as photoalignment
sublayers for low-molecular-mass nematic liquid crystals, this method, which improves the
moisture resistance, is expected to expand the applications of BY. The BY alignment layer
is also expected to be used as the alignment sublayer for water-soluble compounds. This
proposal is expected to expand the possibilities of anisotropic materials for the alignment
of water-soluble polymers, and for inducing molecular orientation of molecular aggregates
in water media.
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