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Chapter 1 General Introduction

1-1 Liquid Crystals and Liquid Crystal Displays

Liquid crystals (LCs) were discovered by F. Reinitzer [1] in 1888 and identified by
Lehmann.[2] The LCs are regarded as the forth state of substance, because the LCs have
both a sort of crystalline order and liquidity. Liquid crystalline phases are mainly
categorized into nematic, smectic and cholesteric liquid crystalline phases as shown in
Figure 1. Nematic phase shows long-range order along an orientation direction (director
n) of LCs without order for center of mass (Figure 1 (a)). Smectic phase shows layers
perpendicular to the director n and has many different varieties such as Smectic A
(Figure 1 (b) ), Smectic C which has a declined director n to the layer normal, Smectic
B which resembles smectic A phase and has sixfold bond orientation order, and so on.
Cholesteric phase (chiral nematic phase) shows nematic order in a plane and indicates
that the director n changes in each layer with a helical pitch as shown in Figure (c). The
LCs are also categorized as thermotropic and lyotropic LCs, which are liquid crystalline

state depending on temperature and concentration of solute, respectively.

(a) (b) (C) 1/4 pitch

Figure 1. Schematic of liquid crystalline phases.
(a) nematic, (b) smectic (Sm A) and (c) cholesteric state.
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In organic devices, liquid crystal displays (LCDs) utilizing nematic LCs are the most
successful application until now. The LCDs have various display mode such as Twisted
Nematic (TN), Super Twisted Nematic (STN), Multi-domain Vertical Alignment
(MVA), Patterned-ITO Vertical Alignment (PVA), In-Plane Switching (IPS),
Fringe-Field Switching (FFS). In addition, a lot of functional organic films are used as
multi-layers in these devices such as a polarizer, a black matrix, a color filter, a
protection layer, an alignment layer, a photo-spacer, an insulation layer and a retarder.

Therefore, LCDs are “organic device” in the real sense of the term.

1-2 Alignment Method of Liquid Crystals

LCs spontaneously align in localized domains, but homogeneous alignment in wide
area is not achieved without any treatments of substrate or external fields such as
electric field, magnetic field and flow field. An uniform orientation of liquid crystals on
the crystal surface was observed by Mauguin for the first time.[3-5] The substrate which
contacts with LCs is usually treated by an alignment layer with a rubbing in order to
give the alignment layer a sort of anisotropy. The orientation of LCs by alignment
layers has been an attractive topic at least over the past 40 years. For the treatment of
substrate by rubbing with soft materials [6] or by evaporated SiOx film [7], the
mechanism of aligning LCs was explained as a result of a minimization of elastic
energy for LCs on the surface of alignment layer having a periodic groove by
Berreman.[8] The periodic groove of alignment layer is several tens nanometers.[9, 10]
Elastic energy of LCs is minimized by the orientation of LCs parallel to the groove

patterns.
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The rubbed polyimides have birefringence due to the orientation of polyimide chain by
rubbing. The orientation of polyimide at the surface of the alignment layer was
correlated to the orientation direction of LCs as reported by Geary et al. in 1987.[11]

Photoalignment of liquid crystals has also been investigated by many researchers.
Ichimura et al. indicated that homeotropic-homogeneous transition of liquid crystals on
azobenzene monolayer by the irradiation.[12] This fact is regarded as the first example

of photo-induced alignment of liquid crystals.
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Figure 2. Schematic of homeotropic-homogeneous transition of liquid crystals
by photoisomerization of azobenzene monolayer. [12]

The photoisomerization of azobenzene occurs reversibly by the irradiation of
uvtraviolet-visible light. Azobenzene changes from trans-isomer to cis-isomer by the
photoisomerization and the cis-isomer easily returns to the trans-isomer by visible light
or thermal annealing. The trans-isomers of azobenzene lying along the direction of
linearly polarized ultraviolet light (LPUVL) gradually decrease because trans-isomer
parallel to the LPUVL is electronically excited repeatedly during the LPUVL irradiation.
In the late stage of LPUVL irradiation, many trans-isomers are aligned to the direction
perpendicular to the LPUVL by the photoisomerization as shown in Figure 3. This
reorientation of azobenzne via the photoisomerization is called Weigert effect.[13-15]

Many studies of azobenzene derivatives utilizing Weigert effect have been
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reported.[16-24] In particular, the reorientation of liquid crystalline polymers containing
azobenzene by photoisomerization and thermal annealing have been achieved without
any alignment layer.[25-30] These polymers are studied as a photoalignment layer, a

coatable retarder and a polarizer for LCDs.

© [ LPUVL

- » N,
%, N D —— Nl'N @ Q \N
N hv or heat
i hv or heat ©

Figure 3. Schematic of Weigert effect for azobenzene.

Kvashikov et al. have reported the anisotropy induced by the axis-selective
photoreaction. They showed that birefringence was generated in poly(vinyl cinnamate)
by irradiating of linearly polarized ultraviolet light (LPUVL).[31] Schadt et al. showed
that the control of orientation direction of nematic LCs was performed by
LPUVL-irradiated poly(vinyl cinnamate)[32] and some researches have investigated
cinnamate derivatives in recent decades.[33-38] As is the case in azobenzene, the
reorientation of liquid crystalline polymers containing cinnamate unit have been
achieved by LPUVL irradiation and thermal annealing.[39-42]

The mechanism of photoinduced anisotropy of poly(vinyl 4-methoxy cinnamate)
(PVMC) was proposed by Schadt et al. PVMC is photoreacted by the ultraviolet ray
around 300 nm. Although phtoproducts of cinnamoyl group generally include
photoisomerization and photodimerization in Figure 4, the photoreaction of PVMC
mainly results in the dimer via [2+2] cycloaddition between cinnamoyl groups. In

addition, the LPUVL give an axis-selective photodimerization as shown in Figure 5.
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Figure 4. Schematic of photoreaction of cinnamate.
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Figure 5. Schematic of axis-selective photodimerization of PVMC. [32]

Schadt et al. showed that coumarin derivatives were also able to align LCs by LPUVL
irradiation.[43] The photoreaction of coumarin included only [2+2] photodimerization
between coumarins (Figure 6). Coumarin derivatives have also been investigated by

various authors.[44-50]
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Figure 6. Schematic of photodimerization of polymer
containing coumarin unit. [43]

Makita et al. investigated polymers containing chalcone unit for photoalignment layer
[51], and some reports by other authors have been done.[52-56] The photoreaciton of
chalcone derivatives is photoisomerization and photodimerization as with the case of
cinnamate as shown in Figure 7. The photoalignment via axis-selective
photodegradation has been reported for various polymers in Figure 8.[57-60] In addition
to the above, the studies of other photoalignment methods exists such as polymers
containing anthracene at its side chain[61] (Figure 9), polyimide containing stilbene unit
in the main chain [62] and polymethacrylate containing stilbene with liquid crystalline
side chains [63] (Figure 10), and the photoalignment through the use of photo-Fries
rearrangement [64-67] (Figure 11).

Some helpful reviews for photoalignment method are included on a list of

references.[68-74]
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Figure 7. Schematic of photoreaction of chalcone unit.
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Figure 8. Schematic of photoalignment via photodegradation.
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Figure 9. Schematic of photodimerization of anthracene unit. [61]
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Figure 10. Schematic of photodimerization of stilbene unit.
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Figure 11. Schematic of photo-Fries rearrangement.[66]

1-3 Obijective of this thesis

Despite much investigation, the photoalignment methods have been rarely applied to
liquid crystal displays due to the insufficiency of long-term reliability and low
anchoring energies, compared with alignment layer of polyimides prepared by rubbing
method.

On the other hand, polymerizable liquid crystals (PLCs), such as acrylate-terminated
liquid crystals, which has large birefringence derived from the oriented mesogens have
been reported and investigated for use as coatable retarders and polarizers.[75-79] The
thermal stability of the oriented PLCs results from the formation of three-dimensional
cross-linkages by photo-radical reaction. In the applications, PLCs are cross-linked by
photo-radical polymerization immediately after orientation on the alignment layer.
Therefore, the photoalignment layer is not required to maintain long-term reliability and
strong anchoring of the liquid crystals, but is needed to enhance photo-sensitivity i.e.,
short-time irradiation of LPUVL in order to achieve high-throughput in manufacturing
process. From this standpoint, the photoalignment method is suitable for applications

using PLCs.
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In this study, we investigated the photoinduced alignment behavior of PLCs using
photoreactive materials of bisazide, bis(benzylidene)cyclohexanone and citraconimide.
Our purposes are to reveal the mechanism of photoalignment (Chapter 2, 3, 4), to
achieve the unification of two functional layers for a photoalignment and protection
layers in liquid crystal displays (Chapter 4), and to elucidate the mechanism of
dewetting phenomena of PLC thin film in order to understand the stability of thin film

(Chapter 5).
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of bisazides in polymer matrix
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2-1. Abstract

Photo-reactive bisazides in a polymer matrix containing acryloyl groups on the side

chain were investigated as a photo-alignment layer for polymerizable liquid crystals

(PLC). We found the thin film of polymer/bisazide blend, irradiated by linearly

polarized ultraviolet light (LPUVL), was able to homogeneously align PLC. The

LPUVL irradiation dose changed the orientation direction of the PLC on the thin film of

2,6-bis(4-azidobenzylidene)-4-methyl-1-cyclohexanone in  the polymer matrix.

Furthermore, only control of the irradiation dose achieved in-plane switching (change in

the orientation direction of liquid crystals from parallel to perpendicular to the LPUVL

in a plane). The direction of the slow axis for the retardation of the photo-alignment

layer changed from parallel to perpendicular to the LPUVL electric field with changes

to the irradiation dose. Therefore, the PLC was likely to be aligned along the slow axis

of the retardation of the photo-alignment layer. We concluded that the key mechanism

that changed the direction of the slow axis in a plane was the photoreaction of

azide—acrylate at low irradiation doses and that of bis(benzylidene)cyclohexanone at

high irradiation doses. The photo-alignment as a result of a simple photo cross-linking

were previously little known, except in the case of photo-dimerization.

16
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2-2. Introduction

The rubbing or photo-alignment process in the alignment layer is needed to control

the orientation direction of liquid crystals and to align liquid crystals uniformly. In

particular, studies of the photo-alignment process are required to obtain defect-free

alignment of liquid crystals and achieve dust-free processing. For these reasons, a

number of studies have been performed using polymers containing photo-reactive units

such as cinnamate, chalcone, coumarin and azobenzene in the side or main chains of

polymers.[1-7] These polymer films enable liquid crystals to align homogeneously by

irradiation of linearly polarized ultraviolet light (LPUVL). Previous research has shown

that photo-isomerization and photo-dimerization creates the anisotropic surface of the

photo-alignment layer such as cinnamate, chalcone, coumarin and azobenzene. [1-4] In

contrast, acryl-terminated liquid crystals, known as polymerizable liquid crystals (PLC),

that have large birefringence derived from oriented rigid mesogens have been reported

and investigated for coatable retardation and polarization.[8-12] In these applications,

the photo-polymerization of the PLC using a photo-radical generator is executed

directly following the orientation on the photo-alignment layer. It is not important for

the photo-alignment layer to reliably achieve long-term anchoring of liquid crystals, but

high sensitivity is required, i.e., only a low irradiation dose of LPUVL need be applied

17
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to achieve high throughput in the manufacturing process. Therefore, the

photo-alignment method is compatible with the applications using PLC.

In addition, several studies have considered methods for controlling the orientation

direction of PLC to obtain a patterned orientation of the crystals. Initial evidence was

shown of switching of the orientation direction of low molecular weight liquid crystals

from homeotropic to homogeneous alignment on a mono-layer of azobenzene by

irradiation at 365 nm.[13] The polymers containing azobenzene on the side-chain

switched from out-of-plane to in-plane orientation.[14, 15] In-plane switching of the

orientation by an irradiation dose, using photoreactive side-chain liquid crystalline

polymers with cinnamoyl group by the LPUVL irradiation and an annealing of the film,

has also been reported.[16, 17] Studies have also found in-plane switching of low

molecular weight liquid crystals on polymer thin films containing coumarin or

cinnamoy! groups by a LPUVL irradiation dose [18, 19]. In the case of side-chain liquid

crystalline polymers, the polymer film must be annealed at high temperature after the

LPUVL irradiation to switch the orientation direction. Although the photo-alignment

layer with a coumarin or cinnamoyl group require only LPUVL irradiation to achieve

in-plane switching of low molecular weight liquid crystals, these materials have a

problem of a low degree of orientation of the liquid crystals.
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In this study, we investigated a photo-induced alignment for PLC using photo-reactive

bisazide molecules in a polymer matrix containing an acryloyl group in the side chain of

the polymer. The main purpose of this study was to achieve the in-plane switching of

low molecular weight liquid crystals at highly-ordered alignment on the

photo-alignment layer using only an irradiation dose.

2-3. Experimental section

Materials

2,6-bis(4-azidobenzylidene)-4-methyl-1-cyclohexanone (bisABmC) and

2,6-bis(4-azidophenyl) methane (bisAPM) were obtained from TOYO GOSEI Co., Ltd

(Figure 1(a)). As a polymer matrix of alignment layer, GH-1203 (Figure 1(d)) was

obtained from Shin-Nakamura Chemical Co., Ltd, an acrylic polymer containing

acryloyl groups on the side chain. The weight-average molecular weight of GH-1203 is

13000. 1,6-hexanediol diacrylate, cyclopentanone and toluene were purchased from

Tokyo Chemical Industry Co., Ltd. Dimethyl 2,2’-azobis(2-methylpropionate) (V-601)

was purchased from Wako Pure Chemical Industries, Ltd. As di-functional and

mono-functional PLCs, LC242 (Figure 1(b)) and CBHA (Figure 1(c)) were obtained

from BASF Japan Ltd. and JNC Petrochemical Corp., respectively. A surfactant
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(Byk361N) was obtained from Big Chemie Co. Ltd. These materials were used without

further purification.
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Figure 1. Chemical structures of (al) bisABmMC, (a2) bisAPM, (b) LC242,
(c) CBHA, and (d) GH-1203 (R1 and R2 are not disclosed).

Preparation of PLC solution

The sample preparation of PLC was as follows. As PLC, a mixture of 1.000 g of LC242
(2.42 mmol) and 0.4948 g of CBHA (1.42 mmol) was diluted by 13.99 g of toluene
with 0.0448 g of photo-radical generator (Irgacure 907) and 0.0149 g of surfactant
(Byk-361N). The PLC solution was finally filtered through a polytetrafluoroethylene

membrane filter (average pore size : 0.2 um).
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Measurements

The thin film, which consisted of photo-alignment layer and PLC layer, was prepared

by a spincoater (1H-DX, Mikasa Co., Ltd.) on a glass substrate (40 mm square, 0.7 mm

thickness, EagleXG, Corning Inc.). Film thicknesses were measured by an ellipsometer

(SA-101, Photonic Lattice Inc.) and a profilometer (alpha-step P-16, KLA-Tencol

Corp.). After spincoating, the films were dried off on a hot-plate. The LPUVL was

provided by a xenon lamp (300 W) with an Al wire-grid polarizer and a cut-filter below

300 nm to irradiate the sample film.

An ultraviolet-visible-near infrared (UV-vis-NIR) spectrometer (V-7200, Jasco. Co.,

Ltd.) was used for evaluation of both polarized and non-polarized UV-vis spectra. A

polarized optical microscope (BX60, Olympus Corp.) was used for morphological

observation of samples. The changes of polymer/bisazide blend by the irradiation or the

thermal treatment were measured by Infrared spectroscopy (FT/IR6110FF, Jasco. Co.,

Ltd.). Retardation of the thin films was measured using the photo-elastic modulation

method. Gel permeation chromatography measurements were carried out on a Shimadzu

prominence system equipped with polystyrene gel columns, using tetrahydrofran as an

eluent after calibration with polystyrene standards.

21



Chapter 2 Bisazides in polymer matrix

Calculations

Density functional theory (DFT) calculations for model compounds were executed

using Gaussian09 Revision D.01 (Gaussian Inc.).[20] Geometrical optimization and

polarizability calculations were performed by B3LYP hybrid functional, which employs

the Becke exchange and LYP correlation functions [21] and a Gaussian basis set of

6-311++G(d,p). In addition, the calculation of the excited state was executed using the

time-dependent DFT (TD-DFT) method in CAM-B3LYP functional.[22]

2-4. Results and Discussion

Photo-induced alignment of PLC on bisazide thin film

To evaluate the photo-alignment behavior of PLC on bisazide itself, a 5.0 wt%

solution of bis-ABmMC in cyclopentanone was spincoated on a glass substrate and dried

on a hot-plate at 80°C for 5 min. After the dry-baking, the film thickness of the sample

measured by the profilometer was approximately 50 nm.
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10 mm
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Figure 2. (a) Polarized optical microscope image of biSABmC on a glass
substrate with sensitive color plate (530 nm) and (b) image of PLC on
bisABmMC polycrystalline thin film under crossed Nicol.

As shown in Figure 2(a), the thin film of bisSABmC was polycrystalline. Irradiation of

this polycrystalline thin film by LPUVL did not induce uniform orientation of PLC over

a wide area. This was because a monodomain orientation of the PLC was not achieved

on the localized polycrystalline domains of bisSABmC with various orientation

directions for each domain (Figure 2(b)).

Photo-induced alignment of PLC on polymer/bisABmC blend film

To avoid crystallization of bisABmC at room temperature, we blended bisABmC with

several types of polymers (poly(methyl methacrylate), poly(butyl methacrylate),

poly(2-hydroxyethyl methacrylate), or polystyrene). Although thin films composed of a
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5 or 10 phr (parts per hundred resin) in GH-1203 were not cystalized, these thin films

were unable to align the PLC. We next blended bisABmC with a acryloyl polymer

containing an acryloyl group on the side chain (GH-1203), in expectation of a

photoreaction between azide and the acryloyl group. The thin films of the

GH-1203/bisABmMC blend were formed in the same way as those of bisSABmC. When

the composition was GH-1203/bisABmC (100/5 phr), no aggregates were observed

under the polarized optical microscope after dry-baking at 80°C for 2 min (Figure 3 (a)

and (b)). However, the composition GH-1203/bisABmC (100/20) showed the acicular

crystalline aggregates after dry-baking (Figure 3(d)). In the GH-1203 matrix, bisABmC

was precipitated and crystallized at high concentrations of bisSABmC.
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(2)

Figure 3. Polarized optical microscope images of GH-1203/bisABmMC; (a)
100/5 spincoated at 1500 rpm for 20 s, (b) dry-baking at 80°C for 2 min
after (a), (c) 100/20 spincoated at 1500 rpm for 20 s and (d) dry-baking at
80°C for 2 min after (c).

To evaluate the photo-induced alignment of the PLC on GH-1203/bisABmC blend film,
the thin film of GH-1203/bisABmMC (100/5) was formed by spin-coating and soft-baking
at 80°C for 2 min to allow evaporation of the solvent. The thin film was irradiated by
LPUVL for 5 s. Subsequently, PLC solution was spincoated on the photo-alignment
film. The samples were soft-baked at 60°C for 1 min and quenched to room temperature.
Next, the sample was photo-cured for 20 s in a nitrogen atmosphere at room

temperature. Polarized optical microscope observations confirmed monodomain
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homogeneous alignment of the PLC. The polarized UV-vis spectra of the PLC thin film

showed a clear difference between the spectra parallel and perpendicular to the LPUVL

electric field (Figure 4). The peak at 297 nm was attributed to the absorption of

cyanobiphenyl group of CBHA, which was calculated by the TD-DFT and the direction

of transition dipole moment was parallel to the long axis of cyanobiphenyl. At a low

irradiation dose, the PLC aligned parallel to the LPUVL electric field (Figure 4(a));

however, the PLC aligned perpendicular to the LPUVL at a high irradiation dose

(Figure 4(b)).
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Figure 4. Polarized UV-vis spectra of PLC on the thin film of
GH-1203/bisABmMC (100/5) irradiated for (a) 5 s and (b) 60 s after the
photo-curing of PLC.
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Irradiation dose dependence of the order parameter

To clarify the irradiation dose dependence of PLC, we estimated an order parameter on
the thin film of GH-1203/bisABmC (100/5) using polarized UV-vis spectroscopy. The
order parameter of the PLC (S ) was calculated using the peak height at 297 nm as

follows:

g = Ay —Ay
A, + 24,

where A, and A, are the absorbances parallel to and perpendicular to LPUVL electric
field, respectively. For GH-1203/bisABmC (100/5), we estimated the order parameter
of the PLC using polarized UV-vis spectra with the irradiation dose (Figure 5). At low
irradiation doses, the PLC was aligned along the direction parallel to LPUVL electric
field. However, the order parameter of the PLC decreased with increasing irradiation
dose, and a sign inversion of S occurred at an irradiation time between 15 and 30 s.
Interestingly, at high irradiation doses, the PLC was once more well-aligned along the
direction perpendicular to LPUVL electric field. This phenomenon may be considered
to be in-plane switching of the PLC orientation direction.

To reveal the mechanisms behind the switching, we substituted bisABmC for a simple

bisazide with no reactive unit without azide groups (bisAPM). We added 10 phr of
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bisSAPM into GH-1203, because the PLC on a thin film prepared by GH-1203/bisAPM
(100/5) was not aligned.

The order parameter of the PLC on the thin film composed of GH-1203/bisAPM
(100/10) showed a positive value throughout the irradiation (Figure 6(a)). To remove
the influence of the azide group in the GH-1203/bisABMC system, the thin film
composed of GH-1203/bisABmC (100/5) was thermally-cured at 80°C for 25 min
before the LPUVL irradiation to complete the reaction of azide with the acryloyl
group.[23] The disappearance of the azide group after baking for 25 min was confirmed
by FT-IR spectroscopy. As shown in Figure 6(b), the order parameter of the PLC was
negative throughout the irradiation. These results indicate that the photo-reaction of the
azide group induced the orientation of the PLC parallel to the LPVUL electric field. In
addition, photo-reaction of the bis(benzylidene)cyclohexanone (bisBC) unit in
bisABmC also played an important role in the orientation of PLC perpendicular to the
LPUVL electric field. Therefore, some competitive photo-reaction must have occurred

at low irradiation regions.
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Figure 5. Irradiation dose dependence of the PLC order parameter on
GH-1203/bisABmMC (100/5) thin film after baking at 80°C for 2 min.
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Figure 6. LPUVL irradiation dose dependence of PLC order parameter on
(@) GH-1203/bisAPM (100/10) baked at 80°C for 25 min and (b)
GH-1203/bisABmMC (100/5) baked at 80°C for 25 min.
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Thermal reaction and aggregate of bisSABmC in GH-1203

To confirm the mixture state of biSABmC in GH-1203, we measured the UV-visible
absorption spectrum of 1.0 x 102 wt% of bisSABmC in acetonitrile and those of
GH-1203/bisABmC (100/25, 100/20, 100/15, 100/10, and 100/5) in Figure 7. The
absorption maximum of bisSABmC in acetonitrile was located at 353 nm. This peak is
likely to be associated with single molecule of biSABmC because the concentration of
bisSABmC is quite low. The absorption spectra of GH-1203/bisABmC thin films after
the baking at 80°C for 2 min are shown in Figure 7 (b). The absorption maximum of
bisABmC in a polymer matrix was at 374 nm in the case of GH-1203/bisABmC (100/5)
baked at 80°C for 2 min. Comparison with Figure 7 (a) shows that the peak position of

bisABmC shifted to longer wavelengths even at 5 phr of bisABmC.
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Figure 7. UV-vis absorption spectra of (a) 1.0 x 10 wt% of bisABmC in
acetonitrile and (b) thin films of 5, 10, 15, 20, or 25 phr of bisSABmC in
GH-1203 baked at 80°C for 2 min.
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Subsequently, we measured the change of UV-vis spectra of thin film composed of
GH-1203/bisABmMC (100/5) to confirm the effect of baking time. We found that the
absorption maximum changed to the long wavelength with increased baking time

(Figure 8).
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Figure 8. Baking time dependence of UV-vis absorption spectra of
GH-1203/bisABmMC (100/5) thin film. Baking temperature was at 80°C.
Film thickness of sample was approximately 150 nm.
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To clarify the reason for the change in UV-vis spectra, we next used UV-vis

spectroscopy to measure biSABmMC in poly(butyl methacrylate) (PBMA) and

poly(2-hydroxyethyl methacrylate) (PHEMA) as model polymers without an acryloyl

group. The model polymers PBMA and PHEMA are non-polar and polar, respectively.

In this experiment, GH-1203 is the polar polymer because it has a hydroxyl group,

which was confirmed by its FT-IR spectra. Although the absorption maximum of

PBMA/bisABmMC at 355 nm were constant after baking at 80°C for 25 min, the intensity

and the peak position of PHEMA/biSABmC changed with increased baking time

(Figure 9).
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Figure 9. UV-vis absorption spectra of (a) PBMA/bisABmMC (100/5) and
(b) PHEMA/bisABmMC (100/5) with increasing baking time at 80°C.
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However, the FT-IR spectra of PHEMA/bisABmC showed no change after baking at
80°C (Figure 10 (a)). The peak of PHEMA/bisABmMC at 2115 cm™* was assigned to the
azide group and the peak at 1598 cm™ was assigned to the benzylidene cyclohexanone
of bisSABmMC. These peaks did not change in response to baking time; therefore,
bisSABmC in PHEMA aggregated without any thermal reaction. In contrast, a thermal
reaction at 80°C was evident for bisABmC in the GH-1203 matrix because the peak
assigned to the azide group at 2115 cm™ disappeared with increased baking time

(Figure 10(b)).
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Figure 10. FT-IR spectra of (a) PHEMA/bisABmMC (100/5) and (b)
GH-1203/bisABmC (100/5) with increased baking time at 80°C.
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These results suggest that the bisSABmMC aggregated in the polymer by baking and the

peak derived from chromophores changed as a result of the dipole—dipole interaction

between the bisSABmMCs in the PHEMA and in the GH-1203 matrix. However, the

thermal reaction of the azide group in the GH-1203/bisABmC system also occurred

simultaneously. It is generally known that the thermal reaction between the azide and

acryloyl groups produces an aziridine ring via triazoline formation.[24] In the current

study, the effect of this thermal reaction on absorption spectra was estimated by

measuring a model polymer which was synthesized by thermal reaction of bisSABmC

and 1,6-hexanediol diacrylate. Because the substructure of thermally-reacted

GH-1203/bisABmMC and this model polymer was the same, we can estimate the effect of

aziridine ring formation for absorption spectra. Figure 11 shows that the UV-vis

spectrum of the model polymer had an absorption maximum at 369 nm. The position of

this peak showed red-shift in comparison to that of biSABmC in acetonitrile (353 nm).

However, the GH-1203/bisABmC blend showed a larger red-shift than the model

polymer. This suggests that the change of absorption spectra for the GH-1203/bisABmC

blend was associated with both the effect of aziridine ring formation and the aggregates

of chromophores.
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Figure 11. UV-vis spectra of the model polymer of 1,6-hexanediol diacrylate:
bisABmC. 1 wt% solution in cyclopentanone was spincoated on the glass
substrate. Film thickness of the sample was approximately 27 nm measured
by a profilometer after baking at 80°C for 5 min on a hot-plate.

Photoreaction of GH-1203/bisABmC

The photo-reactions of azide via nitrene are generally known; for example,
isomerization to imines, dimerization to azo compounds, insertion into C—H bond and
addition to C=C double bond.[24] In order to separate multiple photo-reactions, the
photoreaction of 1,6-hexanediol diacrylate (1,6-HDA)/bisAPM as a simple system
including an azide and acryloyl group was analyzed by FT-IR spectroscopy. In Figure

12, the peaks assigned to azide group at 2115 cm™ and C=CH in the acryloyl group at
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1410 cm™* clearly decreased after UV-irradiation. This indicates that photo-addition of
azide to the unsaturated C=C bond of the acryloyl group was the the photo-reaction in

this system.
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Figure 12. FT-IR spectra of (a) 1,6-HDA/bisAPM in equimolar amounts
and (b) (a) after irradiation for 30 min by an Xe-lamp with cut-filter below
300 nm.
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The photo-reaction of biSABmC in the GH-1203 matrix was measured by UV-vis
spectroscopy. As shown in Figure 13, the absorption maximum at 369 nm decreased
with the irradiation dose and the absorbance around 290 nm simultaneously increased.
Our previous work with photoreactive polymers containing bisBC in main chain
indicated a similar response in the UV-vis spectra.[25] The UV-vis spectrum after
photo-dimerization of the photo-reactive polymers containing bisBC showed an
increased absorbance around 290 nm. Therefore, the results in Figure 13 suggest the
photo-reaction of the C=C bond in benzylidene. However, it remains unclear whether
the bisBC unit in bisABmC reacts between bisBC and bisBC or bisBC and acrylate

under LPVVUL irradiation.
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Figure 13. Irradiation dose dependence of UV-vis spectra for
GH-1203/bisABMC (100/5) after baking at 80°C for 2 min.

42



Chapter 2 Bisazides in polymer matrix

To clarify the photo-reaction, the LPUVL irradiation dependence on FT-IR spectra were
measured (Figure 14). The peak at 2115 cm™ assigned to the azide group disappeared
after only 5 s of LPUVL irradiation because of the photo-addition reaction between
azide and acrylate. In addition, the 1598 cm™ peak assigned to the C=C bond of
benzylidene in bisABmMC gradually decreased in amplitude with increasing time under

LPUVL irradiation.
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Figure 14. FT-IR spectra of GH-1203/bisABmMC (100/5) after the
thin film was baked at 80°C for 2 min and subsequently subjected
to LPUVL irradiation for up to 60 s.
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Anisotropy of GH-1203/bisABmMC induced by LPUVL irradiation
The dichroic ratio (DR) was measured by polarized UV-vis spectroscopy after
LPUVL irradiation because the anisotropy of photo-alignment layer itself is related to

the photo-induced alignment of PLC. The DR is defined below:

Ay

DR = ,
Aj

where A, and A, are perpendicular and parallel absorption to the electric field of

LPUVL. In a 5 phr of bisABmC in GH-1203, the absorption maximum at 374 nm was

used to estimate the DR. The DR is an indicator of the orientation of chromophores,

because polarized light parallel to transition dipole moment of chromophore is absorbed.

The dichroic ratio of GH-1203/bisABmC (100/5) with the irradiation dose is shown in

Figure 15. As the thin film of GH-1203/bisABmC irradiated by LPUVL showed

dichroism, the selective photo-reaction occurred as a result of the LPUVL. The DR

monotonically increased with the irradiation dose, and the behavior of the DR did not

correspond to that of the PLC order parameter shown in Figure 5.
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Figure 15. Dichroic ratio of thin film composed of GH-1203/bisABmC (100/5) in
response to a LPUVL dose after dry-baking at 80°C for 2 min.

Irradiation dependence of retardation in GH-1203/bisABmC

The orientation direction of PLC changed in a plane from parallel to perpendicular to
the electric field of LPUVL with increasing irradiation dose. The thin film of thin film
composed of GH-1203/bisABMC (100/5) showed dichroism after irradiation by LPUVL.
However, the DR increased monotonically (Figure 15). This suggests that the DR ratio
was not related to the orientation direction of the PLC. To confirm the reason for this
reversal of the PLC orientation with the occurrence of an irradiation dose, the
retardation of thin film composed of GH-1203/bisABmC (100/5) was measured using

the photo-elastic modulation method. Retardation (R) is defined by R = An-d.

45



Chapter 2 Bisazides in polymer matrix

Anisotropic refractivity is also defined by An = ny;—n,, where n; and n, are the
refractivity parallel and perpendicular to the LPUVL electric field, respectively. Figure
16 shows that the retardation of the thin film reversed from positive to negative with
increased irradiation time, corresponding to the change of order parameter of the PLC.
In reference to Figure 14, the photo-addition reaction between the azide and acryloyl
groups in GH-1203 was dominant at low irradiation time and the slow axis of
retardation was parallel to the LPUVL electric field. Subsequently, the bisBC unit
gradually photo-reacted with increased irradiation time and the slow axis changed
perpendicular to the LPUVL electric field. The key reason for the monotonic increase in
the DR with increase irradiation dose is assumed to be as follows. At low irradiation
doses, the DR was dependent on the difference between parallel and perpendicular
absorption was derived from the difference between un-reacted and reacted azide
groups in bisABmMC. At high irradiation doses, the DR was dominated by the difference
between un-reacted and reacted bisBC units. Therefore, the DR increased monotonically

because A, /A; was dependent only on un-reacted or reacted molecules.
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Figure 16. Irradiation dependence of retardation for GH-1203/bisABmC
(100/5) and order parameter of PLC on thin film of GH-1203/bisABmC
(100/5). Filled and open circles represent the retardation and order parameter,
respectively.

To explain the reversion of retardation in GH-1203/bisABmMC with increased irradiation
dose, a molecular interpretation of the anisotropic refractive index was needed. Here,
refractive index n is correlated with polarizability a by the Lorentz—Lorenz equation as

follows [26, 27]:

n*-1 Ny
2+2 P 3M

where p is the density of the sample, N, is Avogadro’s number and M is the
molecular weight. Refractive index n and polarizability o are interrelated. Therefore,

the anisotropic polarizability (Aa) was related to the retardation. In addition, the
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photo-products of the bisBC unit are known as photo-isomers and photo-dimers.[28-33]

In our previous work, we investigated photoreactive polymers containing the bisBC unit

in the main chain.[25] The photoproducts of the bisBC unit were trans—cis and cis—cis

isomers (bisBC-EZ, bisBC-ZZ) and a dimer (Figure 17). We calculated anisotropic

polarizabilities of these photoproducts using DFT to reveal the mechanism that

generates retardation of the GH-1203/biSABmC system. The magnitude of anisotropic

polarizabilities for photoproducts of bisBC calculated by density functional theory were

bisBC-EE (293 a.u.), bisBC-EZ (198 a.u.), bisBC-dimer (103 a.u.), and bisBC-ZZ (17

a.u.). This order indicates that the anisotropic polarizability of a rod-like structure

(bisBC-EE) is larger than that of bent structures (bisBC-EZ and bisBC-ZZ) and

spherical structurea (bisBC-dimer). Therefore, the unreacted bisBC unit had the largest

anisotropic polarizability. These results show that anisotropic polarizability of

bisSABmC decreased as a result of the photo-reaction related to the bisBC unit,

regardless of the photo-isomerization, photo-dimerization or other reactions

accompanied by the bond cleavage of C=C. In contrast, the photo-reaction between

azide and acrylate at low irradiation dose was assumed to increase the anisotropic

polarizability parallel to the LPUVL electric field because the aspect ratio of the
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molecule increased in response to the photo-addition reaction, retaining the structure of

bisBC-EE.

o
B

(isomerization) (dimerization)

bisBC-EE

bisBC-dimer

Figure 17. Photo-reaction of bisBC.

To confirm the influence of anisotropic polarizability on the conjugated length, an
anisotropic polarizability of bisBC-E containing single benzylidene as a model
molecule (Table 1) was calculated by DFT method according to the methods of our
previous work.[25] The optimized structure of bisBC-E was slightly bent due to the lack
of a C=C double bond. The anisotropic polarization of bisBC-E was smaller than that of
bisBC-EE. This indicates that the photo-reaction of bisBC-EE via C=C bond cleavage
produced a lower anisotropic polarizability than un-reacted bisBC-EE. Therefore, the
photo-reaction of bisABmMC, except for the photo-addition between azide and acrylate,
may be assumed to reduce the anisotropic polarizability along the direction of LPUVL.

This led to breakage of isotropy of the photo-alignment layer due to the photo-reaction
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of azide—acrylate at the low irradiation dose, and that of the bisBC unit at high

irradiation dose. The orientation direction of the PLC was determined by the un-reacted

bisBC.

Table 1. Calculated anisotropic polarizability of bisBC-EE and bisBC-E by
DFT at B3LYP/6-311++G(d,p).

chemical structure Oy Uyy o, Aa.

O

bisBC-EE 472 220 139 293
O

bisBC-E 368 208 170 179
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2-5. Conclusions

We evaluated the potential of photo-reactive bisazides with and without a bisBC unit

in a polymer matrix containing an acryloyl group at side chain as a photo-alignment

layer for liquid crystals. The PLC on the photo-alignment layer aligned homogeneously

after the LPUVL irradiation to the photo-alignment layer. In the system of

GH-1203/bisAPM as a simple bisazide, the PLC aligned homogeneously parallel to the

LPUVL electric field. However, in the case of GH-2103/bisABmC, the PLC aligned to

the direction parallel to LPUVL electric field at low irradiation doses and to the

direction perpendicular to LPUVL at high irradiation doses. This system achieved the

in-plane switching of the orientation direction of the PLC only by changing the

irradiation dose. To confirm anisotropy of GH-1203/bisABmC system, the DR after

LPUVL irradiation was measured and increased monotonically at irradiation doses up to

60 s. However, the behavior of the DR with the increase of irradiation time did not

correspond to that of the order parameter of the PLC. However, the direction of slow

axis of retardation for the photo-alignment layer changed from parallel to perpendicular

to the LPUVL electric field with increasing irradiation dose of LPUVL. This fact

indicates that the orientation direction of PLC corresponded closely to the slow axis of

retardation. From the LPUVL irradiation dependence of FT-IR spectra, the azide group
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of bisABmC rapidly reacted with the acryloyl group of GH-1203 and subsequently

there was a gradual reaction of the bisBC unit of bisSABmC. In comparison to the

calculated anisotropic polarizabilities of model molecules, photo-reaction of bisBC

suggested lower anisotropic polarizability regardless of the photo-isomerization,

photo-dimerization or other reactions accompanied by the bond cleavage of C=C.

Therefore, the reversion of the slow axis suggested that the photo-reaction of azide in

the early stage of irradiation and that of bisBC unit in the late stage of irradiation

dominated the slow axis of retardation. In addition, the bisBC unit irradiated by LPUVL

changed to the photo-isomers or photo-dimers in GH-1203 matrix because the bisBC

unit did not react with the acryloyl group in GH-1203 as a result of the irradiation. We

conclude that the orientation direction of the PLC was determined by the un-reacted

bisBC.
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3-1. Abstract

Photoreactive polymers containing 2,6-bis(benzylidene)-1-cyclohexanone

(bisBC) units were synthesized and investigated as a photoalignment layer

for polymerizable liquid crystals (PLC) and liquid crystalline polymers

(LCP). The liquid crystalline materials were aligned homogeneously on

the photoalignment layers in a wide range of irradiation dose of linearly

polarized UV light (LPUVL). Specifically, for the photoalignment layer

baked at 80 °C, order parameters of the liquid crystalline materials were

low due to the disturbance of oriented-photoreactive polymer caused by

the contact with the solvent of liquid crystalline materials. However, the

liquid crystalline materials were aligned homogeneously even at low

irradiation doses on the thermally cured photoalignment layer baked at

180 °C. In addition, the liquid crystalline materials were aligned

perpendicular to the LPUVL electric field. The alignment mechanism is

discussed by comparing the retardation of photoalignment layer with

anisotropic polarizabilities of model molecules calculated by density

functional theory. It is suggested that the liquid crystalline materials

aligned along the unreacted chromophores in the photoreactive polymer.
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3-2. Introduction

In the organic devices that utilize liquid crystals, such as flat-panel displays, either
rubbing or photoalignment are necessary to control the orientation of liquid crystals. In
particular, studies on the use of photoreactive materials to align liquid crystals are of
fundamental importance to allow the formation of defect-free, aligned liquid crystals
and a dust-free process. For these reasons, a number of studies have been performed
using polymers containing photoreactive units, such as cinnamate, chalcone, coumarin,
and azobenzene, in the side or main chains of the polymers.[1-4] These polymer films
are able to induce alignment of liquid crystals upon irradiation with linearly polarized
ultraviolet light (LPUVL). Mechanisms for the anisotropic surface generation that
occurs upon LPUVL irradiation have been proposed for azobenzene, cinnamate,
chalcone, and coumarin.[1-4] There has been considerable interest in photoalignment of
liquid crystals in recent years.[5-8]

On the other hand, polymerizable liquid crystals (PLCs), such as
acrylate-terminated liquid crystals, that are birefringent because of being derived from
oriented, rigid mesogens have been reported and investigated for use as coatable
retarders and polarizers.[9-13] The thermal stability of the oriented PLCs results from

the formation of three-dimensional cross-linkages by photoradical polymerization. In
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the above mentioned applications, PLCs are cross-linked by photoradical

polymerization immediately after orientation on the alignment layer. Therefore, the

photoalignment layer is not required to maintain long-term, reliable anchoring of the

liquid crystals, but serves to enhance sensitivity, allowing a low dose of LPUVL to be

used to achieve high-throughput manufacturing. From this standpoint, the

photoalignment method is suitable for applications using PLCs.

In this study, we investigated the photoinduced alignment of a PLC and a liquid

crystalline  polymer  (LCP) using  photoreactive  polymers  containing

2,6-bis(benzylidene)-1-cyclohexanone (bisBC) in the main chain. The polymers have

been reported by Gangadhara et al. as cross-linkable liquid crystalline polymers.[14,15]

In this paper, we propose an amorphous polymer containing bisBC unit in its

main chain for use as the photoalignment layer. Our polymers are easily synthesized

without the use of catalysts and under mild conditions. Furthermore, they have a good

solubility in organic solvents.
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3-3. Experimental section

Materials

2,6-bis(4-azidobenzylidene)-4-methyl-1-cyclohexanone (bisABmMC) and

2,6-bis(4-azidophenyl) methane (bisAPM) were obtained from TOYO GOSEI Co., Ltd.

1,6-hexanediol diacrylate, 1,9-nonandiol diacrylate, 1,10-decandiol diacrylate,

cyclopentanone (CPN), n-heptane, and toluene were purchased from Tokyo Chemical

Industry Co., Ltd. Dimethyl 2,2’-azobis(2-methylpropionate) (V-601) was purchased

from Wako Pure Chemical Industries, Ltd. Di-functional and mono-functional PLCs,

LC242 and N-p-cyanobenzylidene-p-heptylaniline (CBHA), were obtained from BASF

Japan Ltd.,, and JNC Petrochemical Corp., respectively. Acrylic surfactant

(BYK®-361-N) was provided by Big Chemie Co., Ltd. These reagents were used

without further purification. The chemical structures of bisazides and PLCs are shown

in Figure 1.
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Figure 1. Chemical structures of (al) bisABmC, (a2) bisAPM, (b)
LC242, and (c) CBHA.

Synthesis of photoalignment polymers

Photoreactive polymers containing bisBC units were synthesized by thermal
polymerization. The thermal reaction via 1,3-dipolar cycloaddition between azide and
acrylate has been previously reported.[16] The reaction between a bi-functional azide
and a bi-functional acrylate gives a linear polymer without use of a catalyst under mild

conditions.

Firstly, bisABmC (10.8 mmol), the bis-azide, was dissolved in CPN (6.440 g) and was
stirred in a two-necked flask with a thermometer and a Dimroth condenser at room
temperature. Then, 1,6-hexanediol diacrylate (10.8 mmol) was added to the solution of

the bis-azide, and this solution was heated at 80 °C for 6 h. The obtained polymer
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(PbisABmC-6dA) was purified by three cycles of dissolution-reprecipitation using
n-heptane. Polymerizations using 1,9-nonandiol diacrylate and 1,10-decandiol diacylate
as substitutes for 1,6-hexanediol diacrylate were carried out in a similar manner.
Weight-average molecular weights (Mw) of PbisABmC-6dA, -9dA, and -10dA were
35,000, 79,000, and 91,000, respectively, as determined by gel permeation
chromatography (GPC). The prepared polymers were amorphous, and this was verified
by differential scanning calorimetry (DSC) measurements; in contrast, the starting
material, bisSABmC, was crystalline. The chemical structure of PbisABmC-idA is shown

in Figure 2.

\% \/ @ NyﬁoJrEzJiﬁoﬁ

Figure 2. PbisABmC-idA (i = 6, 9, and 10).
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Preparation of polymerizable liquid crystal (PLC) solution

The weight ratio of sample was LC242/CBHA/photoradical generator/surfactant

67/33/3/1. The two PLCs were added in equimolar ratio. PLC samples were prepared as

follows. As a PLC, a mixture of LC242 (1.000 g, 1.42 mmol) and CBHA (0.4948 g,

1.42 mmol) was dissolved in toluene (13.99 g) along with the photoradical generator

(0.0448 g, Irgacure® 907) and the surfactant (0.0149 g, BYK®-361N). Finally, the PLC

solution was filtered through a PTFE membrane (average pore size: 0.2 um).

Preparation of LCP by polymerization of CBHA

Free-radical polymerization of CBHA was carried out to obtain a side-chain liquid

crystalline polymer (Figure 3). CBHA (22.9 mmol), the monomer, was dissolved in

CPN (4.308 g) and was stirred in a three-necked flask with a thermometer, a feed tube

for No-flow, and a Dimroth condenser at room temperature. Subsequently, dimethyl

2,2'-azobis(2-methylpropionate) (0.3mmol), the radical initiator, was added to the flask,

and the mixture was stirred while N2 was bubbled through the solution. The flask

temperature was maintained at 60 °C for 3 h. The obtained polymer was purified three

times by dissolution-reprecipitation with n-heptane. The purified polyCBHA (PCBHA)

was re-dissolved in CPN (3.5 wt%). The My of PCBHA was found to be 55,000 by
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GPC.

Figure 3. PCBHA (My=55,000).

(0

Measurements

Thin films of the photoalignment layer and the liquid crystalline materials were

prepared by a spincoating (1H-DX, Mikasa Co., Ltd.) on glass substrates (40 mm square,

0.7 mm thickness, EagleXG). The film thicknesses were measured by an ellipsometer

(SA-101, Photonic Lattice Inc.) and a profilometer (alpha-step P-16, KLA-Tencol

Corp.). After spincoating, the films were dried on a hot-plate. Then, the film samples

were exposed with LPUVL, obtained using a xenon lamp (500 W) with an Al wire-grid

polarizer and cut-filter below 300 nm.

An ultraviolet-visible-near-infrared (UV-vis-NIR) spectrometer (V-7200, Jasco. Co.,

Ltd.) was used to measure both UV-vis and polarized UV-vis spectra. A polarized

optical microscope (BX60, Olympus Corp.) was used for morphological observations.
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FT-IR measurements were performed on thin films of the polymers on Si wafers

(FT/IR6110FF, Jasco., Co., Ltd.). Retardation of the thin films was measured by the

photoelastic modulation method (HINDS INSTRUMENTS, Inc.). GPC measurements

were carried out using SHIMADZU prominence GPC system equipped with

polystyrene gel columns. Tetrahydrofuran was used as eluent after calibration with

polystyrene standards.

Calculations

To find optimized molecular structures and properties such as relative energies,

vibrational frequencies (IR spectra), and polarizabilities for the isomers and dimers

derived from the bisBC unit, density functional theory (DFT) calculations for model

compounds were carried out using Gaussian 09 Revision D.01(Gaussian Inc.).[17]

Geometry optimizations, vibrational frequencies, and polarizabilities were calculated

using the B3LYP hybrid functional, which employs Becke’s (B88) exchange functional

and the Lee, Yang, and Parr (LYP) correlation functional, and Pople’s 6-311++G(d,p)

Gaussian basis set.[18,19] In addition, excited state calculations were carried out using

time-dependent DFT (TD-DFT) and the CAM-B3LYP functional.[20]
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3-4. Results and discussion

Photoinduced alignment of PLC on PbisABmMC-idA (i= 6, 9, 10)

The photoalignment ability of the synthesized polymers for liquid crystal materials were

confirmed as follows: 1.0 wt% solutions of PbisABmMC-idA (i = 6, 9, and 10) in CPN

were spincoated on glass substrates. Film thicknesses of all samples ranged from 23 to

27 nm and were measured using a profilometer. Thin films of PbisABmMC-idA (i = 6, 9,

and 10) were baked at 100 °C for 5 min to evaporate solvent. Then, the thin films were

irradiated by LPUVL for 5 s. Subsequently, the PLC solutions were spincoated onto the

photoalignment layers. The samples were soft-baked at 80 °C for 1 min to evaporate

solvent and quenched to room temperature. After that, the PLC thin films were

photocured for 20 s under a nitrogen atmosphere at room temperature without any

thermal-cure. The ‘polymerized’ LC obtained by photocuring is also described as ‘PLC’

in this paper.

As shown in Figure 4, polarized UV-vis spectra of the PLC show obvious

differences between the absorbencies parallel and perpendicular to the LPUVL electric

field. The PLC on the photoalignment layer showed homogeneous alignment. The peak

around 297 nm was attributed to the transition dipole moment of the cyanobiphenyl

group of CBHA. The absorption intensity of PLC perpendicular to the LPUVL electric
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field, around 297 nm, was greater than that parallel to the LPUVL electric field. DFT
calculations found that the transition dipole moment of CBHA at around 297 nm is
parallel to the molecular long axis. These results indicate that the PLC orientation

direction was perpendicular to the LPUVL electric field.
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Figure 4. Polarized UV-vis spectra of PLC on PbisABmC-6dA thin film
irradiated by xenon lamp for 5 s with a cut-filter below 300 nm after
thermal-curing at 180 °C for 5min.

Irradiation dose and baking-temperature-dependence of PLC order parameter

To reveal the alignment behavior of the PLC regarding the dependence on the LPUVL
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irradiation dose of the photoalignment layers, order parameters for the PLCs on the
PbisABmC-idA (i = 6, 9, and 10) films were measured by polarized UV-vis
spectroscopy. The order parameters of the PLCs were calculated by using the peak at

297 nm. The order parameter, S, is defined in Equation (1).

Ay — Ay

§ =" =
A+ 24,

where A; and A, are the peak heights parallel and perpendicular to the LPUVL
electric field, respectively. The value of S when CBHA molecules are all oriented
parallel to the LPUVL electric field is 1.0. When they are all oriented perpendicularly to
the LPUVL electric field, the value of S is — 0.5. The photoalignment layers were baked
at two temperatures, 80 and 180 °C, to evaluate the effect of thermal curing of the films.
As shown in Figure 5, the photoalignment layers baked at 80 °C for 5 min had different
photosensitivities for PLCs with different alkyl-chain lengths, and the shorter
alkyl-chain polymer (i = 6) was the most photosensitive. In contrast, thin films of
PbisABmC-idA (i = 6, 9, and 10) baked at 180 °C for 5 min had similar sensitivities to
low LPUVL irradiation doses, as shown in Figure 6. The PLCs were aligned
homogeneously on the PbisABmMC-idA (i = 6, 9, and 10) thin films irradiated for 5 s. In

the case of low-temperature baking, the low sensitivity of the photoalignment layer may
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be due to disturbances in the oriented photoreactive polymer caused by contact with

solvent during spincoating and dry baking. In contrast, at high temperature baking, the

ordered photoreactive polymer was not disturbed because the photoalignment layer was

thermally cross-linked by either the reaction between the residual azide and acrylic

groups or between the bisBC units in the polymer.
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Figure 5. Order parameter of PLC on PbisABmC-idA (i = 6, 9, 10) after
baking at 80 °C for 5 min.
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Figure 6. Order parameter of PLC on PbisABMC-idA (i = 6, 9, and 10)
after baking at 180 °C for 5 min.

Annealing temperature dependence of the LCP order parameter on

PbisABmMC-idA

During high-temperature baking to align the liquid crystalline materials, both the
photoalignment layer and PLC were unavoidably cured; this is because of the presence

of an acrylic group in the PLC. Therefore, to investigate the effect of temperature, we
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replaced the PLC with an LCP without a reactive acrylic group, PCBHA. Therefore, to

investigate the thermal stability of the photoalignment layer itself, the PCBHA ordering

on the photoalignment layer was evaluated by means of an order parameter, which was

determined under various annealing conditions.

Firstly, the photoalignment behavior of PCBHA as the LCP was evaluated at increasing

irradiation doses. A 3.5 wt% solution of PCBHA (Figure 3, Mw= 55,000) in CPN was

prepared. As described previously, the photoalignment layers were baked for 5 min at

either 80 or 180 °C. Then, the photoalignment layers were irradiated with LPUVL.

Subsequently, the PCBHA solutions were spincoated onto the PbisABmC-idA (i = 6, 9,

and 10) thin films and annealed at 120 °C for 3 min. As shown in Figure 7, for the

photoalignment film baked at 80 °C, PCBHA gradually became more oriented with

increasing irradiation time; however, the orientation was insufficient to be classed as

nematic. PCBHA thin films on the photoalignment layers irradiated for less than 30 s

were hazy and cloudy. In contrast, in the samples baked at 180 °C, PCBHA became

well oriented at low irradiation doses. In the case of baking at 80 °C, the photoinduced

anisotropic surface of the photoalignment layer was presumably disturbed by solvent

during spincoating with PCBHA. However, the presence of cross-linked

PbisABmC-idA prevented solvent from disturbing the anisotropic surface significantly,
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allowing PCBHA to became oriented on the surface at high LPUVL doses. In the case
of baking at 180 °C, the polymer chains of the photoalignment layer were not disturbed
by the PCBHA solution during spincoating, even at low irradiation doses, because the
cross-linkages had already formed due to thermal reaction during baking. This suggests
that photoalignment layers baked at high temperature are chemically resistant due to the

thermal cross-linking between azide and acrylate in the polymer tail and also that
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between bisBC units.

Secondly, the relationship between the annealing temperature and the ordering
parameter of PCBHA on the PbisSABmC-6dA thin films was investigated. The
photoalignment layers were baked at 80 and 180 °C for 5 min. Subsequently, the
alignment layers were irradiated for 20 s with LPUVL. Then, PCBHA thin films were

formed on the photoalignment layer by spincoating, and they were annealed at
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. A 9dA (80°C)
wn ! _ o
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Figure 7. Order parameter of PCBHA on PbisABmC-idA (i =6, 9, and
10) after the baking of photoalignment layers at 80 or 180 °C for 5 min.
PCBHA was annealed at 120 °C for 3 min on the photoalignment layers.
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temperatures ranging from 120 to 180 °C for 3 min. As shown in Figure 8, the ordering
of PCBHA decreased with decreasing annealing temperature. The slope of the order
parameter versus annealing temperature was nearly equal at 80 and 180°C, indicating
that the orientation of PCBHA is possibly dominated by unreacted PbisABmC-6dA
chromophores. In addition, the rigidity of polymers derived from thermal cross-linking

did not help maintain the orientation of the LCPs against thermal fluctuations.
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Figure 8. Annealing temperature dependence on the order parameter of
PCBHA on PbisABmC-6dA after baking at 80 and 180 °C for 5 min.
Annealing time was 3 min for all samples.

PbisABmMC-idA anisotropy induced by LPUVL irradiation

To evaluate the anisotropy of photoalignment layer itself after LPUVL irradiation,
dichroic ratios (DR) of the PbisSABmC-idA (i = 6, 9, and 10) thin films were measured
by polarized UV-vis spectroscopy after LPUVL irradiation. The dichroic ratio is defined

as shown in Equation (2).
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Ay
Aj

DR = 2

where A and A are the absorbencies perpendicular and parallel to the LPUVL electric

field. Because polarized light parallel to the chromophore transition dipole moment is

absorbed, the DR yields information on the chromophore orientation. As shown in

Figure 9, the anisotropic photoreaction of the chromophores in the polymers had clearly

occurred. The DR of PbisABmC-idA (i = 6, 9, and 10) increased with increasing

irradiation dose, and neither the alkylene spacer length (i = 6, 9, and 10) nor the baking

temperature influenced the magnitude of the DR.
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Figure 9. LPUVL irradiation dose dependence of dichroic ratio for PbisABmC-idA
(i=6,9, and 10) baked at (a) 80 °C for 5 min and (b) 180 °C for 5 min.
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Photoreaction of PbisABmC-idA (i=6, 9, and 10)

To reveal the photoreaction of PhisSABmC-idA, changes in the UV-vis spectra caused
by LPUVL-irradiation were measured. As shown in Figure 10, an initial peak located at
369 nm in UV-vis spectrum diminished with increasing irradiation dose; simultaneously,

an absorbance around 290 nm increased.
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Figure 10. UV-vis absorption spectra of PbisSABmMC-6dA after
LPUVL-irradiation from 0 to 60 s. Film thicknesses of all samples
were approximately 25 nm.
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The photoreactions of the bisBC units include photoisomerization and

photodimerization, as shown in Figure 11.[14,15,21-24]

() bisBC-EZ  (c) bisBC-ZZ

(o]
UV-irradiation

(a) bisBC-EE

(d) bisBC-dimer 1 and (e) -dimer 2

Figure 11. Photoreaction of the bisBC unit.

Calculated UV-vis spectra for model photoproducts of LPUVL irradiation are shown in

Figure 11. These spectra were calculated using TD-DFT to reveal the photoreactions of

PbisABmC-idA (i = 6, 9, and 10). As shown in Figure 12, the absorption peak of the

photoisomer of bisBC-EZ (Figure 11 (b)) shifted slightly to a lower wavelength;

furthermore, that of bisBC-ZZ (Figure 11 (c)) shifted to much lower wavelengths than

both bisBC-EE and bisBC-EZ. The photodimer absorption peaks (Figure 11 (d) and (e))

also moved to lower wavelengths. Therefore, the absorbance at around 290 nm in the

spectrum shown in Figure 10 is attributed to either bisBC-ZZ, the dimers, or

contributions from both.
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Figure 12. Calculated UV-vis spectra of model molecules using TD-DFT;

CAM-B3LYP/6-311++G(d,p) level. (a) bisBC-EE, (b) bisBC-EZ, (c)
bisBC-ZZ, (d) bisBC-dimer 1, and (e) bisBC-dimer 2.

To discuss the structural changes that occur in the samples on UV-irradiation, FT-IR
spectra of PbisABmMC-6dA were measured, and these are shown in Figure 13. The
spectrum of a spincoated film after baking at 80 °C for 5 min is shown in Figure 13 (a).
In addition, the FT-IR spectrum of a model monomer (Figure 14), a substructure of
PbisABmMC-6dA, was calculated using DFT and is shown in Figure 13 (b). From the
calculated results, the vibrational modes of PbisABmC-6dA can be assigned to the ester

C=0 stretching at 1741 cm™, cyclohexanone C=0 stretching at 1665 cm™, benzylidene
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cyclohexanone C=C stretching at 1600 cm™, phenyl C=C bonds at 1507cm™, coupling
of phenyl and aziridine ring stretching at 1289 cm™, coupling of phenyl and aziridine
ring stretching at 1185 cm™, and coupling including bis(benzylidene)cyclohexanone) at
1149 cm™. A peak in the experimental spectrum at 2115 cm™ was attributed to the
terminally bonded azide in the polymer and the residual monomer. Therefore, except for
the peak at 2115 cm?, the calculated infrared spectrum is consistent with the

experimental results.
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Figure 13. Infrared spectra of (a) PbisSABmC-6dA as-baked at 80 °C for 5
min, and (b) that of a model m o 1 e ¢ u 1 e calculated at
B3LYP/6-311++G(d,p) level of theory and scaled by 0.983.[25]
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Figure 14. Model molecule for DFT calculation.

Infrared spectra of PbisSABmC-6dA thin films at different irradiation doses were
measured as shown in Figure 15. The peak at 2115 cm™ disappeared after LPUVL
irradiation for 5 s due to photoaddition between azide and C=C double bonds. In
addition, the intensity of the peak at 1600 cm™ slightly decreased. As shown in Figures
15 (c) and (d), the peaks at 1600 and 1149 cm™ also declined on irradiation with

LPUVL.
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Figure 15. Infrared spectra of PbisABmMC-6dA of (a) as-baked at 80 °C for
5 min, (b) LPUVL irradiation for 5 s, (c) 15 s, and (d) 30 s, respectively.
Film thicknesses of all samples were about 25 nm.

To show clear experimental evidence for the photodimerization, the amount of
photodimerization that occurs at low irradiation dose was estimated by measuring
UV-vis spectra of PbisSABmC-6dA before/after chemical etching. The photodimerized
polymers do not dissolve in solvent due to the cross-linking between polymer chains.
To remove the influence of the polymer azide end groups, PbisABmC-6dA without
azide groups was synthesized by reaction of PbiSABmMC-6dA with butyl acrylate
(PbisABmMC-6dA-BA). FT-IR spectroscopy was used to verify that PbisABmC-6dA-BA
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had no azide groups. Chemical etching tests on PbisABmC-6dA-BA thin films were

then performed (Figure 16). The spincoated film had absorption maximum around 369

nm; however, this peak disappeared after the sample was dipped in CPN for 30 s at

room temperature (Figure 16 (b)), indicating that the film had dissolved in the solvent.

In contrast, the spincoated film, irradiated for 5 s (Figure 16 (c)), retained the absorption

peak around 369 nm after submersion in CPN for 30 s (Figure 16 (d)). This fact

indicates that the photoreaction of PbisSABmMC-6dA can be largely attributed to the

photodimerization of bisBC units, even at low irradiation doses, because the solubility

of the polymer to CPN does not change on photoisomerization.
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Figure 16. UV-vis spectra of PhisABmMC-6dA-BA. (a) Spincoated (1500 rpm
for 180 s), (b) dipped in CPN for 30 s at room temperature after (a), (c)
irradiated by xenon lamp for 5 s through a wire-gird polarizer and cut-filter
below 300 nm after (a), and (d) dipped in CPN for 30 s at room temperature
after (c).

Refractive-index anisotropy of PbisABmC-6dA induced by irradiation with

LPUVL

Thin films of PbisABmC-6dA after irradiation with LPUVL show dichroism in their
UV-vis spectra, and the PLCs were aligned perpendicularly to the LPUVL electric field.

Therefore, PLCs were oriented parallel to the direction of unreacted chromophores;
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however, the reason for this is not obvious. Therefore, we measured the retardation of
the thin films using the photoelastic modulation method to reveal the anisotropy of the
refractive indexes of the PbisSABmC-6dA films. When the refractive index differs
depending on direction, birefringence may be observed by retardation measurements.

The retardation, R, was calculated according to Equation (3).

R=An-d, An=n;—n, 3

where An is the birefringence, and d is the film thickness of the sample. n;, and n, are
the refractive index parallel and perpendicular to the LPUVL, respectively. As shown in
Figure 17, the retardation of thin film increased negatively with increasing irradiation,
and the magnitude of retardation became saturated at high irradiation doses. In this
system, since the retardation shows negative values (n; < n,), the slow axis of
retardation is perpendicular to the LPUVL electric field. Therefore, the PLCs were

aligned parallel to the slow axis of PhisABMC-idA.
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Figure 17. Retardation of PbisSABmC-6dA after 80 °C for 5 min. Film
thicknesses of sample were approximately 25 nm.

Anisotropic polarizability of PABmMC-6dA calculated by DFT

To explain the direction of the slow axis of retardation for PbisABmC-6dA thin films

after LPUVL irradiation, DFT calculations were carried out to calculate the anisotropic

polarizabilities for model molecules: (a) bisBC-EE, (b) bisBC-EZ, (c) bisBC-ZZ, (d)

dimer 1, and (e) dimer 2 (Figure 11). These simple structures are the minimal units

related to the photoreaction. The initial ratio of bisBC-EE to the other isomers was

calculated from the Boltzmann distribution (Equation (4)).
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Neg —(EEE~EEZ or 22)
=e ot (4
Ngzorzz

where Neg, Nez, and Nzz are the number of molecules of bisBC-EE, bisBC-EZ, and

bisBC-ZZ, respectively. Eeg, Eez, and Ezz are total energies of bisBC-EE, bisBC-EZ,

and bisBC-ZZ. kg is the Boltzmann constant, and T is the absolute temperature. By

comparison of the calculated the energies for bisBC-EE, -EZ, and -ZZ (Table 1), the

most stable isomer was found to be bisBC-EE. The ratio of bisBC-EE to the other

isomers at room temperature was greater than 99% before LPUVL irradiation. DFT

calculations showed that bisBC-EE is the most common isomers.

Table 1. Total energies for bisBC-EE, -EZ, and -ZZ
calculated by B3LYP/6-311++G(d,p)

Total Energy

[a.u.]
bisBC-EE -848.3934
bisBC-EZ -848.3865
bisBC-2Z -848.3807
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The polarizabilities of each model molecule were also calculated by DFT. Anisotropic
polarizabilities were calculated from Equation (5).

_(ayy+azz)

Axx
Aqg = ——3— (5)

N

where Aa is anisotropic polarizability. oy, ayy, and ay, are the principal values of
polarizability, and N is the number of molecules involved in the photoreaction.

Here, the retardation was also expressed as R = An x d. Refractive index, n, is
also correlated with polarizability, «, by the Lorentz-Lorenz equation (Equation

(6)).[26,27]

niol_  Naa
nziz P 3m (6)

where p is density of sample, N, is the Avogadro constant, and M is molecular

weight. The anisotropic polarizability (Aa) calculated by DFT correlates directly with

the experimental retardation results (Table 2).
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Table 2. Polarizabilities and anisotropic polarizabilities.

Polarizability [a.u.]

Oxx Qyy 0z Ao
bisBC-EE 472 220 139 293
bisBC-EZ 402 249 159 198
bisBC-ZZ 262 307 184 17
dimer-1 632 461 391 103
dimer-2 608 491 397 82

From the results of the polarizability calculations, Aa of unreacted bisBC-EE was the
largest of these model molecules. Based on this result, a mechanism for anisotropy
generation due to LPUVL irradiation is proposed in Figure 18. Irradiation with LPUVL
caused photodimerization along the LPUVL electric field, and the slow axis of
retardation arose perpendicularly to the LPUVL electric field because the photoreacted
dimer had lower anisotropic polarizability than that of unreacted chromophores. This
corresponds to the experimental retardation results obtained by photoelastic
measurements (Figure 17). Furthermore, it explains that the orientation order of
PCBHA declined as the number of unreacted chromophores (bisBC-EE) decreased due
to high temperature annealing (Figure 8). These results suggest that the orientation

direction of PLC is mainly determined by the interaction between the PLC and
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PbisABmC-idA via the anisotropic van der Waals forces derived from the anisotropic

polarizability of PbisABmC-idA.[28,29]
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Figure 18. Schematic of photodimerization-induced anisotropy. The
direction of irradiated LPUVL electric field is shown as a
double-headed black arrow.
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3-5. Conclusions

Three kinds of photoreactive amorphous polymers containing biSABmC were

synthesized and investigated for use as the photoalignment layer for liquid crystalline

materials. The PLCs and LCPs were spun cast onto the thin films and became aligned

homogeneously over a wide range of LPUVL irradiation doses. The photosensitivity of

the photoalignment layers depended on the baking conditions. The photoalignment

layers baked at higher temperatures showed greater photosensitivity, presumably due to

disturbance of the surface of the photoalignment layers baked at lower temperatures

caused by solvent exposure during PLC spincoating and dry-baking. The thin films

baked at high temperature were resistant to the solvent in the PLC solution because the

photoalignment layer was thermally cross-linked. Cross-linking occurred between the

residual azide and acrylic groups at the polymer tails or between bisBC units in the

polymer. In the case of substituting LCP for the PLC, the orientation order of the LCP,

decreasing with increasing annealing temperature, did not change on baking at low or

high temperatures. This indicates that the orientation of LCP may be dominated by

unreacted PbisSABmC-6dA chromophores. In addition, the rigidity of polymer due to

thermal cross-linking did not aid in the maintenance of the orientation of the LCP

against thermal fluctuations at high annealing temperatures.
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The liquid crystalline materials on the photoalignment layers were oriented

perpendicularly to LPUVL electric field. The slow axis of retardation for the

photoalignment layer was determined using the photoelastic modulation method, and

the slow axis was found to be perpendicular to LPUVL electric field. In addition, the

PLC and LCP were also aligned perpendicular to LPUVL electric field. A generation

mechanism for optical retardation was proposed by comparing experimental and

calculated anisotropic polarizabilities for model bisBC molecules, calculated using

density functional theory. The calculated structures of the photoproducts (photodimers

and photoisomers) had small anisotropic polarizabilities. In contrast, the unreacted

chromophores showed large anisotropic polarizabilities. Therefore, the polarizability

along to LPUVL electric field decreased on LPUVL irradiation. Therefore, the direction

perpendicular to the LPUVL became the slow axis of retardation. The calculated

anisotropies of polarizability in model molecules explained the experimental retardation

results. These results suggest that the PLC orientation direction is mainly determined by

the interaction between the PLC and PbisABmC-idA via anisotropic van der Waals

forces.

In summary, the polymers containing bisBC had high thermal stabilities,

chemical resistance to solvents, and high sensitivities for photoalignment.
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4-1. ABSTRACT

Photo-reactive polymer of silsesquioxane containing citraconimide (SQ-CI) was

synthesized and evaluated as a photoalignment layer for polymerizable liquid crystals

(PLC). The PLC was aligned on the SQ-CI thin film which is irradiated by linearly

polarized ultraviolet light (LPUVL). A generation mechanism of the anisotropy by the

LPUVL-irradiation was discussed by comparing the optical retardation of SQ-CI with

anisotropic polarizabilities of model molecules calculated by density functional theory.

In addition, the SQ-CI and poly(methyl methacrylate) were blended for a model of

unification of a photoalignment and a protection layers in liquid crystal display. The

orientation of PLC was dominated by the solvent used for the sample preparation of

PMMA/SQ-CI. We found that the SQ-CI was enriched at surface of the blend film

prepared from the vy-butyrolactone solution, while not in the film prepared from

cyclopentanone solution. The surface enrichment in the film prepared from

y-butyrolactone solution does not follow the conventional mechanism in which the

lower surface free energy component segregates to the blend surface, because the

surface free energy of SQ-CI is higher than that of PMMA.

102



Chapter 4 Solvent-induced surface enrichment in PMMA/SQ-CI

4-2. Introduction

In liquid crystal displays, the rubbing or photo-alignment process is needed for

controlling the orientation direction of liquid crystals. Particularly, the studies of

photoalignment method to align liquid crystals have industrial importance in both

defect-free alignment of liquid crystals and dust-free process. A number of studies have

been performed using the photo-reactive polymers containing cinnamate, chalcone,

coumarin and azobenzene at their side chain or main chain of the polymers.[1-7] In

addition, the photoalignment by low molecular weight bismaleimides has been also

reported.[8] The thin films composed of these photo-reactive materials are able to align

liquid crystals by irradiation of linearly polarized ultraviolet light (LPUVL). The

generation mechanisms of anisotropy in thin films after the LPUVL irradiation have

been proposed for azobenzene, cinnamate, chalcone and coumarin due to

photo-dimerization or photo-isomerization.[1-4] On the other hand, polymerizable

liquid crystals (PLC) as represented by acryloyl-terminated liquid crystals have been

reported for a coatable retarder and a polarizer.[9-13] The cross-linked PLC is

thermally-stable due to the formation of three-dimensional cross-linkage via

photo-radical polymerization. In these applications, long-term durability of the
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photoalignment layer is not required because the PLC is cross-linked by photo-radical

polymerization following the orientation on the photoalignment layer. Alternatively, the

photoalignment layer for the PLC requires high sensitivity because of high productivity

in the manufacturing process. From this aspect, photoalignment method is compatible

with the applications utilizing the PLC.

In liquid crystal displays, various functional layers are used such as a black matrix, a

color filter, an interlayer insulation film, a protection layer, and an alignment

layer.[14-16] The process of coating, drying, thermal curing, and photo-curing are

repeated in order to form each layers. The complicated processes have a potential to

reduce the yield of products. Therefore, unification of the functional layers is important

industrially owing to the reduction of process cycles. In the conventional framework

consisting of the photoalignment and protection layer as shown in Figure 1 (a), each

layer have to be prepared separately by repeating the process including spin-coating,

drying and thermal curing. Furthermore, to modify the surface of first layer for the

improvement of wetting, an additional process of UV-ashing on the surface of the first

layer is needed before the second layer is spincoated. To avoid the complicated

processes, the unification of two layers have been attempted for an antireflection

coating.[17] This work was based on the mechanism of segregation of lower surface
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free energy component at the surface.[18-23] However, it is difficult to recoat the other
layer on the film formed via such a mechanism due to its low surface free energy. To
avoid this problem, the UV-ashing at the surface of underlayer is required. The
UV-ashing tends to give a serious damage to the photo-induced anisotropy of the
photoalignment layer.

In this study, we synthesized a novel photoalignment material of silsesquioxane
containing citraconimide (SQ-CI) and investigated unification of a photo-alignment
layer for the PLC and a protection layer using a polymer blend having small difference

of surface free energy as shown in Figure 1 (b).

@) o
% Photoalignment layer % S

Photoalignment / Protection layer

Substrate Substrate

Figure 1. Schematic of unification of two functional layers. (a) conventional
framework and (b) new framework consisted of unified one layer of photoalignment
and protection layer.
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4-3. Experimental section

Materials

Citraconic anhydride, cyclopentanone, y-butyrolactone, ethanol, n-heptane and toluene

were purchased from Tokyo Chemical Industry Co., Ltd. 3-aminopropyltriethoxysilane

was obtained from JNC Corp.

As a PLC, LC242 and CBHA were obtained from BASF Japan Ltd. and JNC

Petrochemical Corp., respectively. The chemical structures of PLC were shown in

Figure 2. Acrylic surfactant (Byk361N) was provided from Big Chemie Co. Ltd. These

reagents were used without further purification.

Synthesis of SQ-CI

Photo-reactive SQ-CI was synthesized by a simple method. At first, 50 wt%

cyclopentanone solution of citraconic anhydride and 3-aminopropyltriethoxysilane are

mixed at equimolar ratio in a flask with a thermometer, a Dimroth condenser at room

temperature. Subsequently, the flask was heated up to 80 °C in an oil bath and refluxed

for 5 h. The obtained polymer (SQ-CI) was purified by the three cycles of the

dissolution-reprecipitation technique using n-heptane. Weight-average molecular weight
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of SQ-CI was 3500 as determined by gel permeation chromatography. The chemical
structure of SQ-CI is shown in Figure 2 (c).

(a)
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Figure 2. Chemical structures of (a) LC242, (b) CBHA and (c) SQ-CI

Preparation of PLC solution

The composition of PLC sample was LC242 / CBHA / photo-radical generator /
surfactant (67/33/3/1) in weight. Two PLCs were blended in equimolar ratio. The detail
of the procedure of PLC was as follows. As PLCs, the mixture of 1.000 g of LC242
(1.42 mmol) and 0.4948 g of CBHA (1.42 mmol) was diluted by 13.99 g of toluene
with 0.0448 g of photo-radical generator (Irgacure 907) and 0.0149 g of surfactant
(Byk-361N). The solution of PLC was finally filtrated through a PTFE membrane filter

(average pore size : 0.2 um).
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Measurements

The thin films of the photoalignment layer and the liquid crystalline materials were

prepared by a spin-coater (1H-DX, Mikasa Co., Ltd.) on a glass substrate (40 mm

square, 0.7 mm thickness (EagleXG), Corning Inc.). Film thicknesses of the thin films

were measured by an ellipsometer (SA-101, Photonic Lattice Inc.) and a profilometer

(alpha-step P-16, KLA-Tencol Corp.). The LPUVL was obtained by xenon lamp

(300W) with Al wire-grid polarizer and cut-filter below 300nm was exposed to the

sample film.

An ultraviolet-visible (UV-vis) spectrometer (V-7200, Jasco. Co., Ltd.) was used for

evaluation of UV-vis spectra and polarized UV-vis spectra. A polarized optical

microscope (BX60, Olympus Corp.) was used for morphology observation of samples.

FT-IR measurement was performed by FT/IR6110FF (Jasco. Co., Ltd.). Contact angle

measurement was performed by contact angle meter (DM 300, Kyowa Interface Science

Co. Ltd.) using water and diiodomethane. Retardation of thin films was measured by

photo-elastic modulation method (HINDS INSTRUMENTS, Inc.). Gel permeation

chromatography (GPC) measurement was carried out on a SHIMADZU prominence

GPC system equipped with polystyrene gel columns, using tetrahydrofran as an eluent

after calibration with polystyrene standards.
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Calculations

To estimate the optimized structures and the properties of infrared spectra and

polarizabilities for the model molecules of photo-products, density functional theory

(DFT) calculations were executed by Gaussian09 Revision D.01(Gaussian Inc.).[24]

Geometry optimization, vibrational absorption and polarizability were calculated by

B3LYP hybrid functional, which employs the Becke exchange and LYP correlation

functions and Gaussian basis set of 6-311++G(d,p).[25,26] In addition, the calculations

of excited states were executed by time-dependent DFT (TD-DFT) method in

CAM-B3LYP functional.[27]

4.4. Results and discussion

4.4.1 Photoalignment of PLC using SQ-CI single layer

Polarized UV-vis spectra of PLC on SQ-CI thin film

At first, to confirm the photoalignmentability of the SQ-CI single layer, the thin films

of the PLC were formed on the SQ-CI after the LPUVL irradiation in the following

manner. The 3.0 wt% solution of SQ-CI in cyclopentanone was spin-coated on a glass

substrate. The film thicknesses of the sample was approximately 80 nm measured by the

ellipsometry. Thin films of SQ-CI were thermally treated from 100 to 230°C for 5
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minutes, respectively. The thin films were LPUVL-irradiated for 5 s. Subsequently,

PLC solution was spincoated on the SQ-CI thin film, dried at 80°C for 1 min for

evaporating the solvent and quenched to room temperature. After that, the ordered PLC

thin film was photo-cured for 20 s in nitrogen atmosphere at room temperature. In

Figure 3, polarized UV-vis spectra of the PLC thin film showed the obvious difference

between absorbances parallel and perpendicular to the direction of LPUVL electric field.

The fact suggests homogeneous alignment of the PLC. The peak at 297 nm is attributed

to the CBHA from a result of dilute solution of CBHA in acetonitrile. The absorbance

of CBHA perpendicular to the LPUVL at 297 nm was larger than that of CBHA parallel

to the LPUVL. Transition dipole moment of CBHA at 297 nm was parallel to the

molecular long axis in consequence of the calculation result by TD-DFT. Therefore, this

indicates that the orientation direction of the molecular long axis, i.e. the direction of

mesogen was perpendicular to the LPUVL. Therefore, the order parameter of the PLC

thin film is able to be estimated by the polarized UV-vis spectra.
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Absorbance [A.U.]

RILL 350 400 450 500 550 600
Wavelength [nm]

Figure 3. Polarized UV-vis spectra of PLC on SQ-CI thin film irradiated by xenon
lamp for 5 seconds with cut-filter below 300 nm after the baking at 130 °C for 5 min.
Solid and dashed lines show the absorbance perpendicular and parallel to LPUVL,
respectively.

Thermal treatment and irradiation dose dependence on order parameter of PLC
Irradiation time dependence of an order parameter of the PLC thin film was estimated

by polarized UV-vis spectrscopy. The order parameter of the PLC was calculated by the

absorption peak at 297 nm attributed to CBHA. The order parameter S was defined as

below.

_ Ai—AL
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where A, and A, are absorbances parallel and perpendicular to the LPUVL electric
field, respectively. S value at complete orientation of CBHA parallel to the LPUVL
electric field is 1.0 and that of CBHA perpendicular to the LPUVL electric field is -0.5.
The thermal treatment temperature of the SQ-CI thin film was from 100 °C to 230 °C,
in order to evaluate the influence on photoalignmentability of PLC for the SQ-CI thin
film. In Figure 4, the PLC aligned homogeneously on the SQ-CI thin film in the wide
range of the LPUVL-irradiation. The orientatoin direction of the PLC was perpendicular

to the LPUVL electric field, because the order parameter of the PLC was constantly

negative.

0-0 T T T T T T T T T
o 100°C
¢ 0 130°C
-0.1 EE A 160°C |
-'g v 190°C
¥ & 230°C

Order Parameter S
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I~

-0.3 g\ . . -
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0 10 20 30 40 50 60

Irradiation time [s]

Figure 4. Thermal treatment temperature and irradiation time
dependences on order parameter of PLC on SQ-CI thin film.
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Photoreaction of SQ-CI single layer

To reveal photoreaction of the SQ-CI, the change of UV-vis spectra caused by
LPUVL-irradiation were measured. As shown in Figure 5 (a) and (b), the SQ-CI thin
film showed a strong peak at 217 nm and a weak peak around 300 nm in UV-vis
spectrum before the irradiation. Both peaks diminished with the irradiation time. The
photoreaction of SQ-CI occured by an electronic excitation contributed to the peak
around 300 nm because the wavelength of LPUVL-irradiation is above 300 nm by a

xenon lamp with the cut-filter below 300 nm.
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Figure 5. LPUVL-irradiation time dependence of UV-vis spectra of SQ-CI thin film.
(@) Wavelength is ranging from 210 nm to 400 nm, and (b) from 250 nm to 350 nm,
respectively. LPUVL was irradiated through a cut-filter below 300 nm.

In Figure 6, FT-IR spectra of SQ-CI with the increase of LPUVL irradiation were
measured in order to reveal the change of molecular structure in SQ-CI by the

irradiation. In comparison to the DFT calculation of model molecules of SQ-CI, the
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peak at 1407 cm™ was assigned to C=C and C-N coupling vibration of citraconimide.
The C=C double bond decreased by the irradiation and the peaks at 1366 cm™ and 1352

cmt arose simultaneously.
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Figure 6. LPUVL-irradiation time dependence of FT-IR spectra of SQ-CI. (a)
Irradiation time is 0 s, 15s, 30 s, and 60 s, respectively. (b) Enlarged drawing of
irradiation time for 0 s and 60 s is ranging from 1275 cm™ to 1500 cm™.
The photoproducts of maleimide are well-known, and it is a photo-dimer and a
photoproduct derived from radical reaction.[28-30]
FT-IR spectra of the model molecules (n-propyl citraconimide, n-propyl citraconimide
dimer, n-propyl and citraconimide radical product) were calculated by the DFT method
to assign the molecular vibrations of SQ-CI. The calculated infrared spectra in Figure 7
(@) was scaled by 0.967, to compare with the experimental result. The experimental

result after the irradiation for 60 s (Figure 7 (b) ) was fitted by gaussian functions based

on the peak positions obtained by the DFT calculations in Figure 7 (a). The fitting
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succeeded in light of the contribution of both model molecules. As a result, the
photoreaction of SQ-CI presumably contained photodimerization and photoradical

reaction.
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Figure 7. ldentification of infrared spectrum for irradiated SQ-CI using DFT
calculation. (a) Calculated spectra of model molecules using
CAM-B3LYP/6-311++G(d,p) level and (b) peak separation of FT-IR
spectrum for SQ-CI after irradiation for 60 s. Peaks were fitted by gaussian
functions based on the calculated results.
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Photo-induced anisotropy of SQ-CI

To confirm the photo-induced anisotropy of the SQ-CI after irradiation by LPUVL, an
optical retardation of the SQ-CI thin film were measured by photo-elastic modulation
method. When threre is the difference of refractive index depending on the direction,
the birefringence may be observed by retardation measurement. The retardation R was
expressed as below.

R=An-d, An=n;—ny,

where An is birefringence and d is film thickness of the sample. n;, and n, are the
refractive index parallel and perpendicular to the LPUVL respectively. As shown in
Figure 8, the retardation of SQ-CI thin film increased negatively with the irradiation and
the magnitude of retardation was saturated at high irradiation dose. In this system, the
slow axis of retardation is perpendicular to the irradiated LPUVL electric field because
the retardation shows negative values (n; < n,). Therefore, the PLC aligned parallel to

the slow axis of SQ-CI.
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Figure 8. Retardation of SQ-CI thin film after the drying at 80°C for
5min. Film thickness of sample was approximately 80 nm.

Anisotropy of SQ-CI calculated by DFT

To explain the direction of slow axis of retardation for SQ-CI thin film after
LPUVL-irradiation, the DFT calculation of anisotropic polarizability was performed for
model molecules of (a) methyl citraconimide, (b) methyl citraconimide dimer, and (c)
methyl citraconimide radical product. These simple structures were the minimal unit
related to the photo-reaction. Polarizabilities of each model molecules were calculated
by B3LYP/6-311++G(d,p) level. Anisotropic polarizability was given by following

expression.
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[0/ 4
axx_( yy2 22)
N

Aa =
where Aa is anisotropic polarizability. a.,, ay, and a,, are the polarizabilities
along x-, y- and z-axis, respectively. The x-axis of molecule is along the long axis of
molecule and is corresponding to the direction of transition dipole moment in methyl
citraconimide determined by time-dependent DFT method. The y-axis is along the short
axis of the molecule. N is number of molecules involved in the photoreaction.

Here, refractive index n is also correlated with polarizability a by Lorentz-Lorenz

equation below.[31,32]

nz_l_ NAa
n2+2 P3M

where p is density and N, is Avogadro number. M is molecular weight. The

anisotropic polarizability (Aa) calculated by DFT was regarded as correlating with the

experimental results of retardation. The calculated results of Aa were summarized in

Table 1. The difference of dimer 1, 2, and 3 is the position of methyl and hydrogen

group chemically bonded to cyclobutane of the dimer. Although other isomers exist for

the dimerization of the model molecule, other isomers had larger bended-shape and

lower anisotropic polarizability than dimer 1, 2, and 3. The model molecule of radical

product also showed lower anisotropic polarizability than unreacted monomer.

Therefore, the Aa of unreacted citraconimide was largest than the other photo-products.
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These results indicated that the slow axis of retardation was perpendicular to the

LPUVL electric field due to the difference between unreacted and reacted anisotropic

polarizability of citraconimide.
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Table 1. Anisotropic polarizabilities calculated by DFT method at
B3LYP/6-311++G(d,p) level for model molecules of SQ-CI.
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4.4.2 Unification of protection layer and photoalignment layer

The unification of a protection layer and a photoalignment layer for liquid crystal

displays were investigated by polymer blend as shown in Figure 1. Poly(methyl

methacrylate) (PMMA) as a simple model polymer for the protection layer and the

SQ-CI as a photoalignment layer were blended. The 5 wt% of PMMA/SQ-CI (95/5) in

cyclopentanone solution was prepared. PMMAs with different weight-average

molecular weight (114k, 396k, and 821k) were used for the sample preparation. The

sample solution was spin-coated and dried at 80 °C for 5 min. Subsequently, to confirm

the influence on thermal treatment temperature for photoalignmentability, the blend film

was thermally treated at 130, 160, 190 and 230 °C for 5 min, respectively. The blend

film was irradiated by the LPUVL for 30 s and the PLC solution was spin-coated on the

irradiated blend film. The PLC thin film was dried at 80 °C for 1 min to evaporate the

solvent. However, the PLC was not aligned under all experimental conditions as shown

in Figure 9.
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Solvent-induced surface enrichment in PMMA/SQ-CI

160 180 200 220

Thermal treatment temperature [°C]

Figure 9. Thermal treatment temperature dependence on order parameter of
the PLC on PMMA/SQ-CI (95/5) thin film prepared from 5 wt% solution of
cyclopentanone. Open square, circle, and triangle show the result of Mw
=821k, 396k and 114k for PMMA, respectively.

The composition dependence of photoalignmentability for PMMA/SQ-CI blend was

investigated as shown in Figure 10. The PLC was finally aligned at least more than 20

wit% of SQ-CI in PMMA/SQ-CI system.
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Figure 10. SQ-CI content dependence on order parameter of the PLC.
Cyclopentanone solutions of PMMA/SQ-CI (95/5, 90/10, 85/15, 80/20,
75/25) were evaluated in the same manner as shown in Figure 9.

However, a lesser content of the SQ-CI than 20 wt% is preferable because the
photoalignment layer is required only at surface of the film to align liquid crystals. Here,
we assumed that the surface composition of PMMA/SQ-CI was enabled to change via
the drying process of solvent, because the solvent evaporates through the surface of the
film along the thickness direction. The difference of affinity between the polymer and
solvent possibly affect the surface composition. A solution of y-butyrolactone as

substitute for cyclopentanone was prepared for the composition of PMMA/SQ-CI (95/5),
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to evaluate the solvent effect. The 5 wt% of the blend in y-butyrolactone solution was

spincoated on the glass substrate and dried at 80 °C for 5 min. Subsequently, the film

was thermally treated at 130, 160, 190, and 230 °C for 5 min, respectively. The PLC

solution was spin-coated on the film after the LPUVL-irradiation for 30 s. As shown in

Figure 11, the PLC was aligned under all of the experimental conditions.

02 T T T T T T T T T
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Figure 11. Thermal treatment temperature dependence on order parameter of
PLC on PMMA/SQ-CI (95/5) thin film prepared from 5 wt% solution of
y-butyrolactone. Filled square, circle, and triangle show the results in the case of
Mw=821k, 396k, and 114k for PMMA prepared from y-butyrolactone solution
and open square, circle, and triangle show the results prepared from
cyclopentanone solution, respectively.
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The surface composition of the blend film was estimated by surface free energy of

PMMA, SQ-CI and PMMA/SQ-CI blend. As shown in Figure 12, surface free energy of

SQ-CI was larger than PMMA for the thin films prepared by both cyclopentanone and

y-butyrolactone solution. In addition, surface free energy of PMMA/SQ-CI blend was

larger than that of PMMA. Assuming an additivity of composition for surface free

energy of PMMA and SQ-CI, we were able to estimate the surface composition of

PMMA/SQ-CI blend. As shown in Figure 13, the estimated surface composition of

SQ-CI was 7.5 wt% for the film prepared from cyclopentanone solution and that of

SQ-CI was 25 wt% for the film prepared from y-butyrolactone solution. Considering the

thin film of PMMA was not able to align the PLC after the LPUVL irradiation, the

results of surface composition estimated by surface free energy and the

photoalignmentability of the PLC indicated that the SQ-CI was enriched to the surface

of thin film prepared from y-butyrolactone solution. Therefore, the solvent played an

important role of surface composition of PMMA/SQ-CI blend.
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Figure 12. Surface free energy of PMMA, SQ-CI, and PMMA/SQ-CI (95/5).
Thin films were prepared by (a) cyclopentanone solution, and (b)
y-butyrolactone solution. The thin films were thermally treated at 190 °C for
5 min, respectively.
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Figure 13. Surface composition of PMMA/SQ-CI estimated by surface free
energy. Filled and open circle show the experimental value of surface free
energy for the film prepared from y-butyrolactone and cyclopentanone,
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The surface free energy dependence on the content of SQ-CI in PMMA/SQ-CI blends
was shown in Figure 14. This result indicated the SQ-CI segregated at the surface in the

film prepared from y-butyrolactone solution even at low content of the SQ-CI.
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Figure 14. SQ-CI dependence of surface free energy for PMMA/SQ-CI.
Open and filled circle show thin films prepared by y-butyrolactone and
cyclopentanone solution, respectively.
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In general, surface enrichment in polymer blends due to the difference of surface free
energy have been reported.[17-23] In the case, a polymer component having low surface
free energy thermodynamically segregated to the surface of the film. However, our
result as shown in Figure 11 cannot be explained by using this mechanism. The SQ-CI
had low weight-average molecular weight (Mw=3.5k) and flexible structure and was
easily soluble to both y-butyrolactone and cyclopentanone. Thus, solubility of PMMA
into the solvent was confirmed by estimating overlap concentration of PMMA in
y-butyrolactone or cyclopentanone as shown in Figure 15. According to scaling theory,
an overlap concentration C” for the solution is related to gyration of radius of a polymer

as follows.[33]

C EF = 6(1_3N1_3v

. N

g

where N, Rg, @, and v are degree of polymerization, radius of gyration, monomer
length, and universal exponent, respectively. The C” is correlated to the Ry, and the Rq
of the polymer in the solvent reflects the solubility of the polymer in the solvent. The
Rg of the polymer is enlarged in good solvent and then C* becomes small. The result in
Figure 15 indicated that PMMA in y-butyrolactone had lower solubility than PMMA in

cyclopentanone. In addition, the result in Figure 15 agreed with the prediction by

solubility parameter because the value of cyclopentanone close to that of PMMA as
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shown in Table 2.[34]. In the aspect of solubility parameter, PMMA has lower
solubility in vy-butyrolactone in comparison to cyclopentanone because of large

difference between solubility parameter of PMMA and y-butyrolactone.

PMMA, Mw=821k
8 ® iny-buryrolactone
O in cyclopentanone

Viscosity [mPa s]

0.1 02 0.3 04 05 0.6

07 0809 10 11 12 13
Concentration of PMMA [wt%o]

Figure 15. Overlap concentration of PMMA. Open and filled circle
show results of PMMA (Mw = 821Kk) in cyclopentanone and in
y-butyrolactone, respectively.
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Table 2. Hansen solubility parameter of PMMA, cyclohexanone, and
y-butyrolactone.[34]

HSP (MPa)'?

6(1 6[) 6[] 6&1

Poly(methyl mathacrylate) 18.6 10.5 7.5 22.6
cyclopentanone 179 11,9 5.2 22.1

v-butyrolactone 19 16.6 74 263

a 8= (84" +8,"+8,5)1/2

To confirm solvent-induced enrichment from the other point of view, solvent-vapor

annealing method for the thin film prepared from cyclopentanone solution was

performed. Experimental procedure is as follows. The 5 wt% solution of PMMA/SQ-CI

(95/5) in cyclopentanone was spin-coated on a glass substrate. The drying of the blend

film was executed at 80 °C for 1 min to remove solvent from the film. The film was

exposed by the vapor of y-butyrolactone or cyclopentanone for 8 min. Subsequently, the

film dried at 80 °C for 5 min and then treated with heat at 190 °C for 5 min. The result

of surface free energy analysis for the thin film after solvent-vapor annealing was

shown in Figure 16. The surface free energy of non-annealed PMMA/SQ-CI (95/5) film

and PMMA film were also measured for comparison. Non-annealed film of
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PMMA/SQ-CI (95/5) prepared from cyclopentanone solution did not show the large
difference of surface free energy, compared with the PMMA film. Therefore, SQ-CI
was not enriched at the surface of the film. However, it was suggested that SQ-CI was
enriched at the surface of the film for y-butyrolactone-annealed film because the film
indicated that higher surface free energy than non-annealed film. In addition, the surface
free energy of cyclopentanone-annealed film showed a value between non-annealed
film and y-butyrolactone-annealed film. This shows lower surface enrichment of SQ-CI
than the film annealed by y-butyrolactone. On the other hand, the result of
ethanol-annealed film showed an interesting result. PMMA and SQ-CI do not dissolve
in ethanol. However, ethanol-annealed film indicated larger surface free energy than the
film annealed by cyclopentanone. The SQ-CI has high affinity for ethanol because total
Hansen solubility parameter of ethanol (26.5 MPaY? [34]) is close to y-butyrolactone.
This fact suggested that the affinity for solvent controlled surface composition of the
blend. To confirm the surface enrichment of SQ-CI, we next examined the
photoalignmentability of PLC on the LPUVL-irradiated film after the solvent-vapor
annealing. As shown in Figure 17, the film without the solvent-vapor annealing
(Non-annealed) was not able to align the PLC homogeneously (S ~ 0). However, the

film with solvent-vapor annealing by y-butyrolactone was able to align the PLC (S =

131



Chapter 4 Solvent-induced surface enrichment in PMMA/SQ-CI

-0.33). In addition, the blend film of solvent-vapor annealing by cyclopentanone slightly

enhanced the aligning of the PLC. These results indicated that the SQ-CI strongly

segregated to the surface of the blend film during the solvent-vapor annealing of

y-butyrolactone. From the results, the mechanism of the surface enrichment of the

SQ-CI by solvent-vapor annealing can be described as follows. In the solvent-vapor

annealing, y-butyrolactone exists in the gas phase adjacent to the surface of blend film.

In addition to that, the surface of the blend film was plasticized by y-butyrolactone

vapor. Therefore, it is considered that both the situations induced the surface enrichment

of the SQ-CI which has higher affinity with y-butyrolactone.

Based on the result of solvent vapor annealing, we concluded as follows.

In the case of the blend film prepared from y-butyrolactone solution by spin-coating, it

was suggested that y-butyrolactone vapor exists near the surface of blend film through

the spin-coating and drying process as with the solvent-vapor annealing process. The

surface enrichment was caused by the difference of affinity between the components in

the blend and the solvent during the spin-coating and drying processes.
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PMMA/SQ-CI (95/5) thin film prepared from cyclopentanone solution. GBL, EtOH

and CPN show results of solvent-vapor annealing by v-

butyrlactone, ethanol and

cyclopentanone, respectively. As references, non-annealed blend film and PMMA

film were also shown (Non-anneal, PMMA).
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4.5 Conclusions

The silsesquioxane containing citraconimide (SQ-CI) was synthesized and investigated

as a photoalignment layer for liquid crystals and as a model for the unification of two

layers of a photoalignment and a protection layer. The PLC on the thin film of the

SQ-CI single layer was aligned homogeneously in the wide range of LPUVL irradiation

dose. The orientation direction of the PLC on the photoalignment layer was

perpendicular to the LPUVL electric field. The slow axis of retardation for the

photoalignment layer was perpendicular to LPUVL electric field. As a result of the

calculations of anisotropic polarizability for model molecules using DFT, The unreacted

citraconimide showed larger anisotropic polarizability than the photodimers and

photo-radical product. Therefore, the polarizability along the LPUVL electric field

decreased by LPUVL irradiation and the direction perpendicular to the LPUVL became

the slow axis of the retardation.

Moreover, the unification of the photoalignment and protection layer was investigated

by using PMMA/SQ-CI blend. The thin film prepared from y-butyrolactone solution

even in the composition of 95/5 was able to align the PLC in the wide range of thermal

treatment temperature, while that prepared from cyclopentanone solution did not work

as a photoalignment layer. We found that the surface enrichment of the SQ-CI in our
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system was not able to explain the difference of surface free energy because the SQ-CI
having higher surface free energy than PMMA. From the solvent-vapor annealing effect
for surface enrichment of SQ-CI, the difference of affinity between the solvent and
polymer played an important role to enrich SQ-CI to the surface during the spin-coating
and drying processes. The fact is significant for both academic interests and industrial
applications because the technique is quite easy and useful to control the surface

component in a multicomponent system.
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5-1. Abstract

Dewetting phenomenon of thin film of polymerizable liquid crystals (PLC) on a
photo-alignment layer was investigated. The dewetting behavior of thin films changed
with the film thickness of the PLC. At thinner film, the dewetting proceeded
isotropically with a round-shape. However, at thicker film, the dewetting pattern of the
PLC changed to anisotropic shape like an elongated ellipse with large aspect ratio. The
long axis of dewetting pattern linearly evolved with time. In addition, a rim of
dewetting pattern thickened at the edge of long axis. However, an edge thickness of the
film at the short axis did not change and comb-like structures along the short axis were
formed. These features suggested that the flow direction of PLC molecules was
approximately axis-selective in the case of anisotropic dewetting. Based on the results
of dewetting behavior of simple liquid crystals which have nematic and smectic phase
(5CB, 8CB) at room temperature, we concluded that anisotropic dewetting of thin film

occurs in smectic phase of liquid crystals.
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5-2. Introduction

Dewetting phenomenon of thin solid or liquid films consisting of various materials
have been well reported. The stability of thin film is important for both industrial
applications and fundamental interests. Although a thicker film is stabilized by
gravitational force, thinner film becomes unstable in some cases due to interfacial
interactions which mainly dominates the stability of thin film in disregard of the
gravitational force!. The dewetting in some films of glycerin-water, polystyrene and
polydimethylsiloxane occurred by nucleation and growth®“. In addition, the dewetting
by spinodal decomposition has also been reported®’. These dewetting phenomena
generally evolved isotropically with round-shape. These existing researches have been
investigated for isotropic films such as polystyrene and polydimethylsiloxane. In this
study, we investigated the dewetting behavior of an uniaxially-oriented film of
polymerizable liquid crystals (PLCs) on a photoalignment layer consisting of
silsesquioxane containing citraconimide (SQ-CI). The oriented and random-oriented
PLC thin films on the SQ-CI layers showed completely different dewetting behavior.
We suggested that anisotropic dewetting of PLC thin film was attributed to the smectic

structure in thin film.

5-3. Experimental Section

Materials

Citraconic anhydride, cyclopentanone, n-hexane and toluene were purchased from
Tokyo Chemical Industry Co., Ltd. 3-aminopropyltriethoxysilane was obtained from
JNC Corp. As a polymerizable liquid crystal (PLC), LC242 and CBHA were obtained

from BASF Japan Ltd. and JNC Petrochemical Corp., respectively. As a low molecular
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weight liquid crystal, 4-cyano-4’-pentylbiphenyl (5CB) and 4-cyano-4’-octylbiphenyl
(8CB) is purchased from Tokyo Chemical Industry Co., Ltd. Acrylic surfactant
(Byk361N) was provided from Big Chemie Co. Ltd. As a photo-radical generator,
Irgacure 907 was provided from BASF Japan Ltd. These reagents were used without

further purification. The chemical structures of PLC were shown in Figure 1.

Synthesis of SQ-CI
As a photoalignment layer, photo-reactive silsesquioxane containing citraconimide
(SQ-CI) was synthesized from citraconic anhydride and 3-aminopropyltriethoxysilane
as previously reported®. The obtained SQ-CI was purified by the three cycles of the
dissolution-reprecipitation technique using n-hexane. Weight-average molecular weight
of SQ-CI was 3500 as determined by gel permeation chromatography. Chemical
structure of SQ-CI is shown in Figure 1 (e).
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Figure 1. Chemical structures of (a) LC242, (b) CBHA, (c)
5CB, (d) 8CB and (e) SQ-CI.
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Preparation of PLC solution

The composition of PLC was LC242 / CBHA / Irgacure 907 / Byk361N (67/33/3/1) in
weight. Two PLCs were blended in equimolar ratio. The sample preparation of PLC in
detail was as follows. As PLCs, the mixture of 1.000 g of LC242 (1.42 mmol) and
0.4948 g of CBHA (1.42 mmol) was diluted with 13.99 g of toluene and 0.0448 g of
photo-radical generator (Irgacure 907) and 0.0149 g of surfactant (Byk361N) were
added to the solution. The solution of PLC was finally filtrated through a PTFE

membrane filter (average pore size : 0.2 um).

Measurements

The thin films of the SQ-CI and the PLC were prepared by a spin-coater (1H-DX,
Mikasa Co., Ltd.) on glass substrates (40 mm square, 0.7 mm thickness, EagleXG).
Film thicknesses of the thin films were measured by an ellipsometer (SA-101, Photonic
Lattice Inc.) or a profilometer (alpha-step P-16, KLA-Tencol Corp.). The films after
spin-coating were dried off on a hot-plate. Linearly polarized ultraviolet light (LPUVL)
obtained by xenon lamp (300W) with a Al wire-grid polarizer and a cutoff filter below
300nm was exposed to the SQ-CI thin film for 60 s, in order to generate an anisotropic
surface of the SQ-CI thin film. An ultraviolet-visible-near infrared spectrometer
(V-7200, Jasco. Co., Ltd.) was used for evaluation of UV-vis spectra and polarized
UV-vis spectra. A polarized optical microscope (POM) (BX60, Olympus Corp.) was
used for morphology observation of samples. Morphologies of dewetting pattern were
confirmed by scanning electron microscope (SEM) (SM-200, Topcon Corp.). GPC

measurements were carried out using SHIMADZU prominence GPC system equipped
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with polystyrene gel columns. Tetrahydrofuran was used as eluent after calibration with

polystyrene standards.

Calculations

To find optimized molecular structures and determine the transition dipole moment of
CBHA, density functional theory (DFT) calculations for model compounds were carried
out using Gaussian 09 Revision D.01(Gaussian Inc.)®. Geometry optimization was
executed using CAM-B3LYP/6-311++G(d,p) and the excited state calculation was

carried out by time-dependent DFT%: 11,

5-4. Results and discussion

As a first step, dewetting behavior of liquid crystalline thin film with random
orientation was observed by POM. A 5 wt% of SQ-CI solution in cyclopentanone was
spin-coated on a glass substrate and baked at 190 °C for 5 min. The SQ-CI thin film was
prepared without the LPUVL-irradiatin, in order not to align the PLC uniformly. The
PLC solution was spin-coated on the SQ-CI thin film. The random-oriented PLC thin
film was prepared in this way. The PLC layer with random homogeneous alignment
was isotropically dewetted on the thin film of SQ-CI with time at room temperature as
shown in Figure 2. In the early stage of dewetting, some circular holes formation in the
PLC thin film was observed. This dewetting behavior was the same as the isotropic
dewetting of polystyrene (PS) or polydimethylsiloxane (PDMS) thin film*®. However,
time evolution of isotropic dewetting showed the uniform pattern consisting of minute

droplets of the PLC and the behavior was different from the pattern of PS or PDMS.
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Dry patches, which is circular dewetting pattern, were formed at an initial period and
were not developed with time. This is presumably able to explain that the dry patch was
formed by nucleation of hole due to dust or local thinning of the film in the solvent
evaporation process.

As the second step, the oriented PLC thin film was prepared as shown below. The

photoalignment layer was prepared from 5 wt% of SQ-CI solution in cyclopentanone by

Figure 2. Time evolution of isotropic dewetting for PLC thin film on
non-irradiated SQ-CI observed by POM with sensitive tint plate (530 nm).
Observation of dewetting is performed at room temperature.
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spin-coating on a glass substrate. The SQ-CI thin film was irradiated by linearly
polarized ultraviolet light (LPUVL) for 60 s through a cut-filter below 300 nm, after the
thermal treatment at 190 °C for 5 min. Subsequently, the PLC solution was spin-coated
on the LPUVL-irradiated SQ-CI thin film and dried at 80 °C for 1 min for evaporation
of solvent. As shown in Figure 3, the oriented PLC thin film was anisotropically
dewetted as distinct from the PLC thin film with random orientation. In the dewetting
edge at both side of long axis of dewetting pattern, it appeared that the PLC aggregated
and formed rims, which was droplet-like structure of the PLC. The rim at long axis of
dewetting pattern enlarged with time until the rims collided each other and ceased to
evolve. On the other hand, the edge at short axis of dewetting pattern formed comb-like
structures parallel to the short axis of dewetting. Resultingly, the flat film of PLC

disappeared and comb-like structures remained on the SQ-CI thin film.
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Figure 3. Time evolution of anisotropic dewetting for oriented PLC thin
film on SQ-CI observed using POM with sensitive tint plate (530 nm).

The time evolution of anisotropic dewetting was plotted with time as shown in Figure 4.
The dewetting length was defined as an entire length of long axis or short axis of
dewetting pattern. The dewetting length linearly evolved with time at both long axis and
short axis of dewetting pattern. This behavior of linear growth with time is the same as

polydimethylsiloxane liquid film?,
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Figure 4. Time evolution of anisotropic dewetting of oriented
PLC thin film on SQ-CI thin film. Filled and open circle show
long and short axis of dewetting pattern.

An aspect ratio of dewetting pattern was also shown in Figure 5. The aspect ratio was
defined by a value of dewetting length at long axis divided by that at short axis. The

aspect ratio slightly increased with time.
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Figure 5 Time evolution of aspect ratio of anisotropic
dewetting pattern.
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From the observed POM image (Figure 3), white-tinged regions presumably have
different film thickness of the PLC from initial film thickness because the tinge of color
reflects magnitude of retardation. To reveal the actual image of the dewetting pattern,
the sample after the photo-curing to fix the morphology of dewetting was observed
using SEM as shown in Figure 6. The edge at long axis of dewetting pattern was
apparently thicker than the initial film thickness (Figure 6 (a) ). However, the edge at
short axis of dewetting pattern appeared as flat without the rim and the comb-like

structures were formed (Figure 6 (b) ).

PLC film . o™ PLC film

Figure 6. SEM image of anisotropic dewetting patterns;
(a) overall view of anisotropic dewetting and (b) 20 pum scale near edge of
short axis of dewetting pattern were shown.

Subsequently, the accurate film thicknesses of anisotropic dewetting pattern were
measured by the profilometer after photo-curing of PLC thin film in the process of
anisotropic dewetting as shown in Figure 7. Thickness of the rim was approximately 25
pm in this sample (Figure 7 (b) ). Therefore, the dewetted volume of PLC aggregated to
the rim at the long axis of anisotropic dewetting. However, at the short axis of
anisotropic dewetting, the thickness of PLC thin film at the edge was equal to the initial
thickness of PLC thin film (Figure 7 (d) ). This fact means no rim formation at the short
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axis of anisotropic dewetting. Furthermore, we clearly revealed that the dewetting to the
short axis proceeded due to the aggregation of dewetted-PLC to the comb-like pattern at
the short axis, as shown in Figure 8. From these results, we concluded that the flow
direction of PLC molecules was only parallel to the long axis of dewetting pattern. The

PLC did not flow to the direction of short axis.
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Figure 7. Thickness of anisotropic dewetting pattern;

Image at rim (a), film thickness at rim (b), image at edge of short-axis
(c), and film thickness at edge of short-axis (d) were measured by
profilometer. In this case, initial film thickness of PLC thin film before
dewetting is 2.46 pum.
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Figure 8. Thickness of comb-like pattern;
Image at comb-like pattern (a), and film thickness at comb-like pattern
(b) were measured by profilometer. Initial film thickness of PLC thin

film before dewetting is 2.46 um.

The relationship between the orientation direction of PLC molecules and the dewetting
direction was revealed by using polarized UV-vis spectroscopy. As a result of TD-DFT
calculation by CAM-B3LYP/6-311++G(d,p) level, transition dipole moment of CBHA
was parallel to the long axis of cyano-biphenyl mesogen. Therefore, the direction of
higher absorbance in the polarized UV-vis spectra showed the orientation direction of
mesogen in the homogeneous alignment of the PLC. As shown in Figure 9, the

orientation direction of the PLC mesogens was perpendicular to the long axis of

dewetting.
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Figure 9. Polarized UV-vis spectra of PLC on SQ-CI thin film. Notation
of “paralle]” and “perpendicular” show absorbances parallel and
perpendicular to long axis of dewetting pattern, respectively (left).
Schematic of relation between PLC orientation direction and dewetting
direction is shown (right).

In the case of thin film composed of LC242 or CBHA without the blend, the dewetting
behavior is isotropic as with the ultrathin film of polystyrene or liquid film of
polydimethylsiloxane, even though LC242/CBHA blend was dewetted anisotropically.
To reveal the influence on liquid crystalline phase, 5CB and 8CB which have
well-defined phase sequence were evaluated as a model system. 5CB and 8CB show
nematic and smectic phases at room temperature, respectively. These LCs were
prepared as 10 wt% solution in toluene with 1 phr (parts per hundred resin) of surfactant,
and spin-coated on the LPUVL-irradiated or the non-irradiated SQ-CI thin film.
Subsequently, the drying was executed at 80 °C for 1 min to remove the solvent. The
dewetting behaviors of 5CB and 8CB thin films were observed by POM at room
temperature. As shown in Figure 10, 5CB in nematic phase was dewetted isotropically,
regardless of homogeneous orientation (Figure 10 (a) ) or random orientation (Figure 10
(b) ). However, 8CB in smectic A phase was dewetted anisotropically and 8CB with

random orientation was dewetted isotropically with minute droplets as shown in Figure
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11. This behavior of 8CB is similar to that of LC242/CBHA blend. From these results,

we found that anisotropic dewetting of PLC thin film was attributed to smectic phase.

Figure 10. Isotropic dewetting behavior of 5CB thin film observed by POM with
sensitive tint plate (530 nm). Oriented 5CB on LPUVL-irradiated SQ-CI (a), and
random-oriented 5CB on non-irradiated SQ-CI (b) were shown. Observation of
dewetting behavior was performed at room temperature.

Figure 11. Anisotropic dewetting behavior of 8CB thin film obserbed by POM
with sensitive tint plate (530 nm).

Oriented 8CB on LPUVL-irradiated SQ-CI (a), and random-oriented 8CB on
non-irradiated SQ-CI (b) were shown. Observation of dewetting behavior was
performed at room temperature.

To elucidate the reason of isotropic dewetting of thin film in nematic phase, viscous
torque of the oriented PLC molecules was considered as described below. During the
dewetting, the flow of PLC molecules and velocity gradient are assumed as described in

Figure 12. This is a simple assumption as a shear flow!? 13, To specify the orientation
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direction of the PLC, the director n of the PLC is described using 6 and ¢ in Cartesian
coordinate (Figure 13). Three alignment direction of the PLC for homeotropic
alignment (Figure 13 (a) ), homogeneous alignment of mesogens parallel to the flow
direction (Figure 13 (b) ), and homogeneous alignment perpendicular to the flow

direction (Figure 13 (c) ).
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Figure 12. Schematic of dewetting.
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Figure 13. Coordinate of PLC director, flow direction and velocity
gradient.
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In this situation, viscous torque of liquid crystals is written as follows®*.

I—vvisc__ d_n_ —
= —yn X It wXn|—y,nXAn

where y; and vy, are viscous coefficient of rotating and nonrotating flow, respectively.
n is director for the PLC, and w is vorticity. A is symmetric tensor component of
velocity gradient, which is component of nonrotating flow. In Figure 13, the director n
of the PLC is also described below.

n = (sinBcosd, sinBsind, cos)
When the director of PLC exists in xz-plane including the case of Figure 13 (a) and (b),

viscous torque in shear plane around y axis is expressed below.

. 1
rvise = _Eﬂh + y,c0s20)

In contrast, when the director exists along y axis (Figure 13 (c) ), viscous torque in
shear plane I'Vis¢ s zero'4. Therefore, the alignment in Figure 13 (c) do not undergoes
viscous torque by shear flow. In addition, Frank free energy density of nematic phase is

given below®.

1 2 1 2 1 2
fd=EK11(V'n) +§K22(n-|7xn) +§K33(nx|7><n)

Where K;4, K,,, and K35 are elastic constants of PLC corresponding to the director
deformations of spray, twist, and bend, respectively. Therefore, the deformations of
director by viscous torque derived from shear flow increases the elastic free energy of
the PLC.

Although the nematic PLC is allowed to flow to the direction of molecular short axis

in consideration of the restoring force caused by minimizing the elastic free energy, the
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thin film of PLC in nematic phase actually flows isotropically. Therefore, it is
considered that the restoring force derived from the deformation of director in nematic
phase is sufficiently small and able to be negligible for the dewetting.

On the other hand, free energy density for smectic phase is also written below.

_1B(6u)2 N 1K 62u+ a2u\°
fd_z 0z 2 M\axz ' 0y?

where, B and u are an elastic constant and displacement, respectively. The first term
shows the contribution by the deformation of layer spacing in smectic phase and the
second term indicates the contribution by spray deformation of director which is
allowed in smectic phase. In smectic phase, large restoring force works when the layer
spacing changes, and then, it is assumed that PLC is able to flow to the direction
parallel to the layer because the order of layer direction in smectic phase is liquid-like.
Considering this point, anisotropic dewetting in smectic phase presumably occurred by
the confinement due to large restoring force derived from the deformation of smectic
layer spacing by viscous torque of shear flow, in order to retain smectic layer spacing.
In addition, the reason that the minute droplets pattern of PLC was formed in the case of
isotropic dewetting (Figure 2) was as explained below. In random orientation of PLC,
localized domains were formed and the PLC was aligned in each domain. Although the
dewetting direction of PLC in the domain was one direction, the rims of anisotropic
dewetting collide with each other because the orientation direction of each domain is
random. Therefore, the minute droplets of PLC were formed everywhere on the SQ-CI

thin film.
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5-5. Conclusions

The dewetting behavior of the PLC thin film on the SQ-CI thin film was investigated.
On the non-irradiated SQ-CI thin film, random-oriented PLC was isotropically dewetted
and minute droplets were formed. However, on the LPUVL irradiated SQ-CI thin film,
the PLC was anisotropically dewetted. The long axis of dewetting pattern formed rims.
The rims linearly evolved with time in common with the rim behavior of isotropic
dewetting such as polystyrene ultrathin film or polydimethylsiloxane liquid film as
already reported by other authors. The rims were formed at edge of long axis of
dewetting pattern, while no rims were found at the edge of short axis. At the short axis
of dewetting pattern, comb-like structures were also formed along the short axis. This
fact indicated that the PLC molecules flowed only to the direction of long axis of
dewetting pattern. As a result of dewetting behavior of 5CB and 8CB thin film, which
show nematic and smectic phase at room temperature, we found that anisotropic
dewetting is attributed to smectic phase of liquid crystals. The flow direction of liquid
crystals is confined by large restoring force derived from retaining the layer spacing in

smectic phase.
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General Conclusions

In this study, the mechanism of photo-induced alignment of polymerizable liquid
crystals (PLCs) based on the axis-selective photoreactions of the photoreactive materials
and the orientation behavior of PLCs thin film were investigated.

In Chapter 2, photo-reactive 2,6-bis(4-azidobenzylidene)-4-methyl-1-cyclohexanone
(bisABmMC) as a bis-azide was blended with a polymer containing acryloyl groups in the
side chain (GH-1203). The GH-1203/bisABmMC blend was evaluated as a photo-
alignment layer for PLCs, and then it was confirmed that it worked well. In this system,
in-plane switching of the orientation direction of PLCs was observed, which depended
only on irradiation dose of linearly polarized ultraviolet light (LPUVL). The LPUVL
irradiation time dependence of FT-IR spectra indicated that the azide group of bisSABmC
rapidly reacted with the acryloyl group of GH-1203 and gradual reaction of the bisBC
unit in the bisABmMC also progressed simultaneously. Moreover, the slow axis of
retardation of the photo-alignment layer also switched at the same time as the in-plane
switching of the orientation direction of PLCs, which means the PLCs aligned along the
slow axis of retardation of the photoalignment layer regardless of the in-plane switching.
In comparison to the calculated anisotropic polarizabilities of model molecules, it was
suggested that photo-reaction of the bisBC led to lower anisotropic polarizability
regardless of the photo-isomerization, the photo-dimerization or the other reactions
accompanied by the bond cleavage of C=C. Therefore, the reversion of the slow axis of
retardation suggested that both the photo-reaction of azide in the early stage of irradiation
and that of bisBC unit in the late stage of irradiation dominated the slow axis of

retardation.
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In Chapter 3, to improve thermal durability of the photo-induced anisotropy in the photo-
alignment layer, the photo-reactive polymers containing bisBC unit in the main chain
were synthesized by a simple method and evaluated as a photo-alignment layer for the
PLCs and a liquid crystalline polymer. These polymers were able to align the PLCs
homogeneously and have thermal durability caused by thermal reaction of azide and
acrylate at the polymer tail. In these systems, the photodimerization of the bisBC occurred
apparently because the polymers after the LPUVL-irradiation was insoluble to
cyclopentanone. In addition, the polymers aligned the PLCs perpendicular to the LPUVL
eletric field. The orientation direction of the PLCs was also parallel to the slow axis of
retardation of the photo-alignment layer and the direction can be explained by the same
mechanism described in Chapter 2.

In Chapter 4, to unite photoalignment layer and protection layer by polymer blending
for reducing cost and number of processes in manufacuturing, silsesquioxane containing
citraconimide (SQ-CI) as a photoalignment material was synthesized and was blended
with poly(methyl methacrylate) (PMMA). A photo-aligning material needs to be enriched
to the surface of the blend film for aligning the PLCs. In this study, we did not use low
surface free energy component for enhancing the surface enrichment because the resultant
low surface free energy tends to cause a failure of recoating of PLCs on the film. Thus,
we investigated a polymer blend of PMMA and SQ-CI which have similar surface free
energy. The blend film of PMMA/SQ-CI prepared from cyclopentanone solution was not
able to align the PLCs. However, the blend film prepared from y-butyrolactone solution
enabled to align the PLCs. The SQ-CI was enriched to the surface of the blend film
prepared only from y-butyrolactone solution, although the SQ-CI has higher surface free

energy than PMMA. As a result of evaluation for solubility of PMMA into the solvents
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and solvent-vapor annealing effect on this system, it was suggested that the difference of
affinity between polymer and solvent presumably played important role for surface
enrichment of SQ-CI in the blend. This method is simple and useful for surface-
segregating any components which do not necessarily show lower surface free energy.
In Chapter 5, a distinctive dewetting phenomenon of the PLCs thin film on the
photoalignment layer was found. The thin film of PLCs on the photo-alignment layer
anisotropically dewetted at certain film thickness with the shape of elongated ellipse. The
edge of long axis of dewetting pattern formed a rim. The rim formation has been also
commonly observed in isotropic dewetting of polystyrene and dimethylsiloxane.
However, the short axis of dewetting pattern formed comb-like structure. From the
polarized UV-vis spectroscopy to determine the orientation direction of PLCs, the PLCs
flowed only to the direction of molecular short axis. In the systems of 5CB and 8CB as
simple models of nematic and smectic A phase at room temperature, the anisotropic
dewetting occurred only in smectic A phase. Based on the dewetting behaviors of 5CB
and 8CB, it is considered that the dewetting mechanism of PLC was able to be explained
that the flow to the direction perpendicular to the layer spacing in smectic pahse was
confined by large restoring force derived from the change of the smectic layer spacing.
The spontaneous self-assembly attributed to thin film instability is interesting in
fundamental and industrial aspects. Further researches will open the way for controlled

anisotropic dewetting available as a bottom-up method for creating fine structures.
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