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ABSTRACT:

The orientation of liquid crystal (LC) molecules is significantly governed by solid interfaces and
free surfaces, and a variety of functional materials have been developed using these properties.
Although LC materials are already in industrial use, particularly for LC display panels, various
studies have been conducted in recent years to better grasp the interface behavior of LC molecules.
In this work, we succeeded in in situ observations of induction of higher ordered LC phases at the
interface between a side-chain LC azobenzene polymer film with a thickness of ~400 nm and a
low-molecular-mass nematic LC, 4’-pentyl-4-cyanobiphenyl of 35 um thickness, using small-
angle X-ray scattering measurements and polarized optical microscopy. It is revealed that the two
different mesogens cooperatively form hybrid higher ordered smectic LC phases probably through
weak electron transfer immediately after interfacial contact. The induction process consists of three
stages in terms of dynamic structure evolutions. Upon UV irradiation, the hybrid smectic LC
structure diminished. This study provides new insights into the behavior of LC molecules near the

alignment film on the solid substrate.



INTRODUCTION

The cooperativity of liquid crystals (LCs) plays an important role in controlling molecular
orientation on a macroscopic scale. LCs are utilized for creation of many functional materials, such
as light-driven actuators, and optical devices.!™ Generally, the orientation of LC molecules are
highly sensitive to the surface free energy, surface roughness, and dielectric constant and
molecular structure of the interface, and thus, many interface-mediated processes have been
proposed to align LC molecules and their assembled structures.” > LC displays (LCDs), which
have grown as a major industrial production since their invention, require sophisticated surface
control technology. Thus, over the past 50 years, numerous LC alignment technologies have been

proposed and developed to precisely control the orientation of nematic LCs (NLCs).26-3°

Optical alignment switching of low-molecular-mass NLC orientation was first
demonstrated in 1988 using an azobenzene (Az) molecular layers attached onto a solid substrate.>!
Such light-driven NLC alignment systems are often called as “command surfaces”,>** Recent
studies have demonstrated that the photoresponsive layer at the free surface can work as the
command layer for side chain liquid crystalline polymer (SCLCP) films.>>*® In spite of
accumulated data on the surface control of LC materials, precise understandings on the anchoring
behavior and structuring are still needed. The anchoring behavior of LC molecules in the vicinity

of polymer surfaces®**°

and light-controllable command surfaces remain topics of academic
interest, as exemplified by recent demonstrations of the unique orientation behavior of LC
molecules near the Az polymer interface.*'*® Approaches of the computer simulation further

deepen understandings of low-molecular-mass LC molecules at interfaces.*’*

When an Az side chain polymer is employed as the command layer,> the elucidation of
cooperativity behavior between the polymer layer and NLC is of keen interest. However, in a LC
cell system, the majority number NLC molecules in the cell hampers the selective observation of
interface regions. In this context, Ubukata et al. explored a model system using Langmuir-Blodgett
films of hybrids consisting of an amphiphilic Az side chain polymer and 4-cyano-4'-

pentylbiphenyl (5CB).**** Strong molecular cooperativity has been observed in the orientation



changes as confirmed by UV-visible absorption and infrared spectroscopy. Still, detailed

experimental information particularly in a time-course dynamic aspect has not been obtained.

We have recently developed a small-angle X-ray scattering (SAXS) measurement
technique to evaluate the structure inside a LC-injected sandwich cell.In this technique, an X-ray
beam is passed through the LC cell in the cell plane direction.’'>? This approach allows an in situ
observation of structural changes of LC orientation. In this work, we applied this technique to the
interface between a side-chain liquid crystalline Az polymer (PAz) and 5CB. As a result, we have
elucidated that highly ordered smectic LC phases are induced via hybridization of the PAz and
5CB mesogens. The smectic layer formation allows for the selective and time-course detection of
structuring and orientation of mesogens at the interface because the NLC phase that occupies the
major volume of LC cell is essentially indetectable by the X-ray measurement. This paper reports,
for the first time, the details on the time-course events of NLC contact-induced structuring of the
surface LC Az polymer layer. UV light irradiation to this cell has further been conducted to grasp
the light induced changes.

EXPERIMENTAL SECTION

The structures of the chemicals used in this study are shown in Figure 1a. Low-molecular-mass
nematic liquid crystal, SCB, was purchased from Tokyo Chemical Industry Co. Ltd.. PAz was

synthesized according to a previously reported method* (see the Supporting Information).

Figure 1a also displays the LC cell for SAXS measurements and microscope observations.
The LC cell was constructed as follows: First, TEMPAX Float® glass substrates with aspect ratios
of 1.5 mm X 15.0 mm and 15.0 mm % 15.0 mm and a thickness of 1 mm were purchased. PAz
spin-coated films (thickness: ~400 nm) were prepared onto the 15.0 mm % 15.0 mm glass; details
of the film preparation are described in the Supporting Information. The resulting films were used
as the bottom-side substate of the LC cell. A 35-um thick Kapton® (polyimide) tape was
sandwiched between the 1.5 mm x 15.0 mm glass and used as the cell spacer. The sides of the

two substrates were then fixed with UV-curable resin NOA65 (Norland Products Inc.), and the



resulting LC cell was heated at 130 °C for 5 min using a hot plate and then slowly cooled on the

hot plate after turning off the heater.

SAXS measurements characterized the self-assembled structure in the LC cell. These
measurements were collected using an ultra-bright X-ray generator FR-E (Rigaku Corp.) equipped
with a two-dimensional detector (R-AXIS IV, Rigaku). An X-ray beam from Cu Ka radiation (A4
=(0.154 nm) was used, and the camera length was set at 292.5 mm. The LC cells were placed onto
a pulse motor stage composed of both an oblique pulse (ATS-C310-EM, Chuo Precision Industrial
Co. Ltd.) and a Z-pulse (ALV-3005-HM, Chuo Precision Industrial Co. Ltd.) motor. A scintillation
counter was set downstream of the LC cells, and the alignment of the LC cells with respect to the
incident X-ray beam was adjusted by monitoring with the counter to maximize the X-ray intensity
through the cells. The temperature of the LC cells was controlled using a ceramic heater embedded
in the stage. Prior to injection of 5CB into the LC cell, both the cell and 5CB were pre-heated at
50 °C using a hot stage. One puL of the hot SCB was then immediately injected into the cell using

a microsyringe. The LC cells were exposed to the X-ray beam for 10 min for each measurement.

Birefringence of the LC cell was observed using a polarized BX51 microscope equipped
with a digital camera (DP26, Olympus Corp.). The LC cell was heated at 50 °C using a hot stage
(Linkam 10083, Japan High Tech Co. Ltd). Similar to the SAXS measurements, 5CB (1 uL) heated
at 50 °C was injected into the LC cell using a microsyringe. After closing the cover of the hot stage,

birefringence was observed under crossed Nicols.

UV light irradiation at 365 nm was performed with a LED light source using a CL-1501
(Asahi Spectra Co. Ltd.) at 10 mW cm 2 for 120 s. The distance between the light source and the

sample was 10 cm.



RESULTS AND DISCUSSION

Figure 1b shows the SAXS images of an empty PAz-coated LC cell before 5CB injection. Two
scattering peaks in the out-of-plane direction of the substrate were observed, with d values of 2.8
and 1.4 nm. This homeotropic orientation of mesogens can be attained from the free top surface.®
The d values and their ratio indicate that PAz forms the smectic C (SmC) phase.”® After
approximately 2 h from 5CB injection at 50 °C, new scattering peaks of different spacing (d =5.7
and 1.9 nm) were observed in the out-of-plane direction to the substrate (Figure 1¢). Thus, the d
values of all peaks after SCB injection were 5.7, 2.9, 1.9, and 1.4 nm. We have previously shown
that random copolymers containing Az and CB mesogens form a newly and highly ordered hybrid
smectic LC phase in the bulk state (reference 54, Figure S5), and similar d values have been
obtained in this study. These results show that the identical hybrid LC phase was induced by
contact with SCB in the cell. Notably, as mentioned in Figure S1, no scattering was observed when
other NLCs, 4'-methyl-4-pentylbiphenyl (5MB) and N-(4-methoxybenzylidene)-4-butylaniline
(MBBA) were injected instead of SCB. The hybrid LC phase was observed only when 5CB or 4-
cyano-4'-octylbiphenyl (8CB), was used. For the case of low-molecular-mass LC systems,
Sugisawa and Tabe” reported the formation of a highly ordered hybrid smectic LC phase in in
mixtures of Az and cyanobiphenyl (CB) derivatives through a weak charge-transfer interaction
between the two mesogens. We suppose that the hybrid LC phase observed at the interface in this

study is attributed to the same interaction between the PAz and CB mesogens.
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Figure 1. (a) lllustration of the LC cell and chemical structures of the LC materials used in this
study. (b, c) 2D SAXS images, out-of-plane intensity profiles, and structural models at 50 °C
before (b) and after (c) injection of 5CB into the LC cells.



Time-course changes of the formation process of the hybrid LC phase was first evaluated
by polarized optical microscopy (POM) observations and SAXS measurements. Before 5CB
injection to the PAz film, slight birefringence was observed (Figure 2a), which should be attributed
to the molecular tilt of the PAz mesogens (smectic C phase) to the substrate plane. Immediately
after injection of SCB into the LC cell at 50 °C, the overall birefringence drastically increased and
the image became brightened (Figure 2b, also see Movie S1 in the Supporting Information). This
indicates that the homeotropic alignment of the PAz mesogens is disturbed and randomized at the
moment when the PAz film gets contact with SCB. Here, this time is defined as 0 min after SCB
injection. After this point, the birefringent character was gradually weakened and the images
became darker. In addition, 30 min after 5CB injection, a focal conic pattern was generated (Figure
2¢). Notably, in 60 min after SCB injection, only the focal conic pattern was observed (Figure 2d),
which then gradually disappeared (Figure 2¢). No birefringent feature was observed after 120 min
(Figure 2f). Figure 2g shows the two-dimensional (2D) SAXS image obtained in 4 min after 5 CB
injection. Thus, scatterings of the hybrid LC phase were already observed 4 min after SCB
injection. As mentioned, the POM movie (supporting information) also showed a change in the
birefringence immediately after SCB injection. These results suggest that the hybrid LC phase was
generated immediately after PAz and 5CB came into contact at 50 °C within the experimental
procedure. It is to be noted that the bulk 5CB woth 35 pum thickness in the cell is in the isotropic
state (at 50 °C), and thus the observed birefringent character stems from the ordered interface

region of PAz and 5CB with 400 nm thickness.
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Figure 2. POM images of the LC cell at 50 °C before (a) and after injection of 5CB (b-f)
observed with crossed polarizers. (b) immediately (within seconds), (c) 30 min, (d) 60 min, (e)
90 min, and (f) 120 min after injection. Insets in d and e are magnified POM images. Scale bars
represent 20 um. (g) 2D SAXS image of the LC cell at 50 °C 4 min after 5CB injection and its
out-of-plane intensity profile (right). Duration of the X-ray beam exposure time was set to 1
min.



Next, time-course changes after injection of SCB were monitored by SAXS measurements.
Figure 3 and Figure S2 show the 2D SAXS images and out-of-plane intensity profiles obtained by
SAXS measurements of the LC cells at 14, 70, and 128 min after SCB injection. As shown in
Figure 3a, the d value was unchanged with time, however, the scattering intensity increased over
time. In fact, focusing on the azimuth angle (¢) intensity profiles of the third-order scattering peak
(d = 1.9 nm), the maximum intensity increased and the peak became sharper over time (Figure 3b).
For this evaluation, the third-order peak was chosen because the comet peak from the substrate

affected the baseline up to the second peak.

Plots of the time-course change of the scattering intensity and full width at half maxima
(FWHMs, see Figure S3) of the scattering peaks are displayed in Figure 3c. The peak intensities
did not change from 0 to 60 min after SCB injection. Between 60 and 110 min, the intensity
increased significantly until they converged to almost the same value after 110 min. On the other
hand, the FWHM slightly decreased immediately after injection and showed a rapid reduction
around 60 min, and converged to almost the same value after approximately 60 min.

Together with the time-course peak changes of X-ray scattering and POM observations,
the structure and orientation behavior of the interfacial hybrid LC phase can be divided into three
stages. Figure 3d schematically depicts the hybrid smectic LC phase models at each stage. The
hybrid LC phase is immediately formed after the contact, and the structure is characterized as
multidomains whose lamellar planes are oriented diversely among these domains (0 — 60 min,
Stage ). By keeping at 50 °C, the lamellar planes continuously change their orientation parallel to
the substrate with concomitant fusion of the domains (60 — 110 min, Stage II). This orientation of
the mesogens changes to a more vertically state, which seems to stem from the memorized initial
homeotropic alignment of the PAz mesogens before SCB injection. The rapid and discontinuous
reduction of FWHM should be ascribed to the ordering of the lamellar structure accompanied by
the arranged uniform orientation. Subsequently, after 110 min, the defects in the domain decrease

significantly as shown by POM observation (Stage III).

It is to be noted that the scattering angle of the second-order peak of the hybrid LC phase
(26, =3.1°) was almost overlapped with that of the first-order peak of the LC phase of pure PAz.

Considering a fact that the enhancement ratios of the second- and third-order peaks of the hybrid

10



LC phase with time were identical, we suppose that the entire parts of PAz film was converted to

the hybrid LC phase on contact with SCB.

11
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Figure 3. (a) Changes in the out-of-plane intensity profile obtained by SAXS measurements
of the 5CB-injected LC cell at 50 °C. Data collected for 14 (black line), 70 (brown), and 128
(red) min after 5CB injection. (b) Left: 2D SAXS image obtained by SAXS measurement of
the LC cell at 50 °C in 128 min after 5CB injection. The azimuthal angle (¢#) scan performed
in the 28 region of the third peak is highlighted. Right: Scattering intensity profiles obtained
by the ¢ scan of the third peak in 14 (black line), 70 (brown), and 128 (red) min after 5CB
injection. (c) Time course plots of the out-of-plane intensity (upper) and the FWHM value at
the azimuthal scan of the third peak (lower). (d) Plausible schematic illustrations of the time-
course changes of the hybrid LC phase structure at the three stages after 5CB injection.
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Another interesting phenomenon was also observed when the LC cell was cooled down
from 50 to 30 °C. The 2D SAXS images and their out-of-plane intensity profiles are shown in
Figure 4. In the small-angle region, no significant changes were observed after cooling, however,
distinctive scattering peaks with d-spacings of 0.45 and 0.40 nm were observed at wide angles in
the in-plane direction. These results suggest that a phase transition from the SmA to the SmE phase
occurred at temperatures below 40 °C.%® Similarly, when 5CB was injected into the LC cell at
30 °C, scatterings derived from the SmE phase were directly observed in the wide-angle region
(Figure S4). In these ways, the SmE phase 1s formed independently of the injection temperature.
The decreased mobility of SCB upon cooling caused the phase transition of the hybrid LC phase
to the SmE phase.

13
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Finally, the photoresponsive properties of the hybrid LC phase were examined by UV-light

irradiation onto the LC cell at 30 °C. The SAXS data are displayed in Figure 5. As shown, the

scattering peaks decreased with increased light dose of UV irradiation, and the peak disappeared

after 1.2 J cm 2. In this way, the trans-to-cis photoisomerization of the Az mesogens led to the

phase transition from the SmE to the isotropic phase. Whether SCB and PAz are phase-separated

or mixed as a molecularly compatible state is not elucidated yet. The detailed exploration on the

photoresponsive behavior is currently underway.
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Ubukata et al.*>*° revealed a strong cooperativity in the light induced orientation changes
in hybrid LB films consisting of an amphiphilic Az side chain polymer and 5CB. These data have
been obtained in the observations of model systems, and not in an actual photo-command NLC
cell. It is to be noted that our present approach enables the in situ time-course X-ray analysis for
the intact NLC cell employing our home-made configurated equipment. The key to the successful
in situ observations here is that the X-ray signals in the interfacial region are preferentially obtained.
In these measurements, the constitution of model film systems is not required. It is anticipated that
this experimental strategy can provide real-time structural information also for other types of NLC
cells. In the previous work by Ubukata et al.,*>° the formation of SmE phase is not elucidated.
However, it is probable that even in the previous model LB system such high ordered smectic

phase may be formed in consideration of the specific spectral features in the hybrid LB films.

CONCLUSIONS

By evaluating the LC structure inside a 5CB cell coated with the PAz alignment film using
specially designed SAXS measurements, we have succeeded in real-time observation of the LC
phase near the surface of PAz layer at 50 °C. As a result, a higher-order hybrid SmA phase was
induced in the PAz film. This hybrid LC phase was formed immediately after 5CB injection, and
was accompanied by an increase in the degree of orientation and domain growth over time. The
structural changes can be categorized into three stages. The induced hybrid SmA phase changed
into an SmE phase at temperatures below 40 °C. Upon UV light irradiation the SmE phase
collapsed to become an isotropic phase. To the best of our knowledge, this is the first report on the
spatiotemporal characterization of LC structure close to the vicinity of the alignment layer by X-
ray scattering measurements. The photoalignment behavior of NLCs on Az polymer films has still
been a subject of extensive studies in recent years.*!*® Seemingly, the existence of higher-order
LC phases in the interface region needs to be considered in each NLC system for precise
understandings. The X-ray detection proposed here is expected to effectively contribute to unveil
the details of surface alignment behavior for various NLC cells. Probably, this method can be a

powerful tool also for the industrial field in terms of failure analysis and new LC device design.

16



The direct X-ray observations in the intact LC cell system should provide useful information on

the driving mechanisms and can expand the utilities for practical applications.
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