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Wide-temperature liquid crystalline amorphous blue phase based on polymer network stabilization exhibits high

thermodynamic stability with the extended temperature range from a few °C to more than 80 °C including room
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temperature. Analyses using confocal laser scanning microscopy show that the polymer network imitates the aperiodic

disclination-entangled structure of amorphous blue phase and entails highly intertwined interaction with liquid crystal

molecules. The stabilized amorphous blue phase manifests tens of microsecond response time, a consistent achromatic

dark state and intrinsically hysteresis-free during application of an electric field. The topological and electro-optical

features of the stabilized amorphous blue phase are further compared with the stabilized isotropic and cubic blue phases.

These results not only provide a physical perspective in electro-optical response of a liquid crystal and polymer composite

but also open up new direction to electro-optical device applications.

Introduction

Liquid crystalline blue phases (BPs, known as BPI with face-
centered cubic, BPIl with body-centered cubic, and BPIIl with
amorphous structure) are of interest in their physical and
optical perspectives such as theories regarding liquid crystal

. 1-5 . . 6-10 . .
physics, numerical modelling, unique electro-optical
. 11-16 . . . 17-24 .
behaviour, various stability control techniques, display

25-30

and photonic device applications. Lately, the structure of
amorphous BP (BPIIl) has been well modelled® and confirmed
by experimental visualization of disclinations with polymer
molding.32 The structural difference in cubic BPs and BPIII
inspires and encourages further research on liquid crystal
physics and applications. Despite of the fast switching time of
BPs, their high driving voltage, selective Bragg reflection, and
electro-optical hysteresis are crucial for device applications.
The approaches to overcome those obstacles have been
reported; for example, 1) high driving voltage is possibly
reduced using protruded high dielectric
anisotropy of liquid and high Kerr constant
materials.>** 2) Bragg reflection, which is related to the chiral

33
electrodes,
crystals

pitch of liquid crystals, becomes invisible by controlling the
chiral pitch out of visible range.36 However, to the best of our
knowledge, achieving chirality for infrared range of lattice size
to appear cubic BPs has not been reported. To achieving the
ultraviolet range, it requires short chiral pitch with less than
around 150 nm and also contributes to a high driving voltage.
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On the other hand, polymer-stabilized isotropic phase and
spontaneous formation of optically isotropic nematic phase
have been proposed because of its perfect dark state property,
but it exhibits the electro-optical hysteresis.37739 3)
Suppression of the electro-optical hysteresis has been
reported by controlling polarization of illumination, photo-
polymerization density near electrodes, or constituting
nanoparticle additives in a cubic BP cell.**™* The reason of the
hysteresis has also been explained by an electrostriction effect
and/or a non-uniformity of lattice orientation up on each grain
of cubic BPs.'%* Nonetheless, suppressing or controlling
such intrinsic electro-optical behaviour of cubic BPs requires
overcoming big challenges in thermodynamic perspectives.
The BPIll has meanwhile been researched as an another
candidate, but limitations remain with both extension of
existing temperature range and detailed identification of
electro-optical response.“f47

Here, we demonstrate wide-temperature range BPIIl (> 80 °C)
achieved by polymer-stabilization, where the composite shows
no Bragg reflection, no grain boundary, and no hysteresis in
the electro-optical response. We further elucidate the
topological behaviours under the electric switching of the
stabilized BPIIl, isotropic phase and BPI by confocal laser
scanning microscopy (CLSM). The topology-mediated electro-
optical behaviour in the stabilized phases provides insights into
key issues such as the interfacial interactions and the electro-
optical responses in the stabilized phases.

Experimental

Materials and methods
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Polymer and liquid crystal composite. Liquid crystals (HCCH,
HTG135200-100, An = 0.204 @ 589 nm, 20 °C, Ae =+57.2 @ 1
kHz, 25 °C) were mixed with a chiral dopant (HCCH, R5011,
Helical twisting power ~ 110 },Lm'1 @ 25 °C) and reactive
monomer composite consisting of a mesogenic diacrylate
monomer (Merck, RM257) and difunctional acrylate monomer
(Aldrich, Bisphenol A dimethacylate). Prior to the curing, the
polymer and liquid crystal composite was characterized by
mapping the phase diagram with respect to temperature,
chiral fraction and chirality. In order to accelerate photo-
polymerization, a small amount of photo-initiator (Aldrich,
Irgacure 651) was added to the polymer and liquid crystal
composite. (See Table 1)

Table 1 The concentration of polymer and liquid crystal
composites, and photo-polymerization temperature (See Fig. 1
for samples before and after photo-polymerization).

Sample Concentration [wt%] Tphb
phase Lce cp?  wm1® M2t piE [°c]
BPIII 73.6 4.4° 19.9 2.1 0.1 83.0
Iso" 736 4.4 19.9 2.1 0.1 87.0
BPI 74.0 3.8° 20.0 2.1 0.1 82.5

? Element weight to composite weight. b Photo-polymerization
temperature. Denotations: ©liquid crystal (HTG135200-100), d
chiral dopant (R5011) ¢ monomerl (RM257), f monomer2
(Bisphenol A dimethacrylate), and & Photo-initiator
(Irgacure651). h Isotropic phase.

Cell fabrication. A glass substrate was deposited by indium-tin-
oxide and patterned to have interdigitated electrodes to apply
an in-plane electric field, and then assembled to a plane glass
substrate using ultraviolet curable adhesive (Noland, NOA65),
which was mixed with 10 um spherical spacers for an uniform
cell gap. The cell, capillary-injected by polymer and liquid
crystal composite, was loaded on to a hot stage with a
calibrated temperature controller (Instec, Inc., precision of +
0.1 °C). The reactive monomers in the composite were photo-
polymerized at designated temperatures using collimated
ultraviolet (Uvata, spot UV LED) with irradiance of 0.8 mW cm’™
at 365 nm while the phases were monitored by a polarizing
optical microscope (Nikon, Corp.). (See Table 1.) The
photographs of cells were taken by a digital camera.

Characterization

Phase diagram and Reflection spectra. Photomicrographs
were automatically acquired while temperature was ramped
up and down for verification of the phase sequence. Cubic BPs
were examined by the textures. The BPIIl was distinguished
from isotropic phase by observing optical activity in BPIIl. The
optical activity in BPIIl was confirmed by photomicrographs
taken at a few degrees of positive and negative deviation
angles between an analyzer and a polarizer. The reflection
spectra were measured by a spectrometer (Ocean Optics,
USB2000+) from a collimated Tungsten-halogen light source
(Ocean Optics, LS-1) after photo-polymerization.
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Electro-optic measurement. Cells with the stabilized phases
were placed between crossed polarizers and maintained the
directions of electric fields at 45° to the optic axes of crossed
polarizers. A photodiode detector was used to detect the
transmitted light from laser light sources (He-Ne: A = 633 nm,
Ar-ion: 514, 460 nm), while an electric field was applied to the
interdigitated electrode in the cells. Both input and output
signals were controlled by homemade software via a terminal
block (National Instruments, Corp., BNC-2090).

Confocal laser scanning microscopy (CLSM). In order to
acquire the images with high magnification, a short
wavelength laser light (1 = 408 nm) was equipped in a confocal
laser scanning microscope (Olympus, LEXT OLS3100) with
minimized optical aberrations. For preparation of the samples,
a thin top glass substrate (< 100 pm) was assembled onto the
substrate with the interdigitated electrodes to satisfy the
working distance of an objective lens with high magnification.

Results and discussions

Photomicrographs before photo-polymerization are taken at
BPIIl (83 °C), isotropic phase (87 °C), and BPI (82.5 °C) as
shown in Fig. 1a. At deviation angles between an analyzer and
a polarizer = £ 3°, the color of images become bluish and
yellowish for negative and positive f owing to the optical
activity in BPIIl, which is distinguished from isotropic phase.
The color difference at the deviation angles in BPIII (Video S1)
is caused due to optical at:tivity.48 The optic axis of plane-
polarized light after the polarizer become rotated when
traveling BPIIl layer, so that the optic axis of polarization
deviates from the optic axis of the analyzer. The deviation at
positive and negative angles contributes differently to
corresponding wavelength ranges.

The target phases for polymer-stabilization are indicated with
red, black and green stars for BPIIl, isotropic phase and BPI,
respectively, in the phase diagram (Fig. 1b). Phase transitions
from BPIII to isotropic phase at f = 5° (with chiral fraction ~
4.72 %) and from BPII to BPI (with chiral fraction ~ 3.98 %) are
shown in Video S1 and S2, respectively. After polymer-
stabilization (see materials and methods), the stabilized phases
are well maintained over 80 °C (the range of the stabilized
BPIIl is below 0 °C to 87 °C) as shown in Fig. 1c, d. The photos
of the cells and the photomicrographs show similar dark states
for BPIIl and isotropic phase, whereas BPI shows light leakage
corresponding to Bragg diffraction. Moreover, the reflectance
measurements are in good agreement with the
photomicrographs observed by reflection mode as shown in
Fig. 2. We note that the reflection spectra of the stabilized
BPIIl and isotropic phase reveal similar behaviours, only slightly
higher reflectance of the stabilized BPIll than that of the
isotropic phase near short-wavelength range, whereas a peak
or seemingly overlapped multiple peaks are measured in the
stabilized BPI.

Electro-optical switching behaviour of the stabilized BPIII can
be explained by Kerr effect® described as Aning(E) = AKE? , in
which Any,q is the birefringence induced by an applied electric

This journal is © The Royal Society of Chemistry 20xx
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field E, under a constraint, An;,4(E) < Ang,(E;) with saturated
birefringence Ang,; of host liquid crystals induced by the
saturation electric field E;, 1 is the wavelength of light, and K is
the Kerr constant. When the direction of the applied electric
field is 45° to the crossed polarizers, the detected light
intensity / can be given as

] = [() Sin2 [—ﬂ'dAnind j
A

where d denotes cell gap that light is traveling inside a cell. The
switching of the stabilized BPIIl cell from the dark state to
bright state and back to dark state is shown in Fig. 3a and b.
The corresponding photomicrographs of the switching
behaviour (Fig. 3b and Video S3) exhibit excellent optical
contrast between the field-off and field-on states. The on-state
photomicrograph shows a large field-induced birefringence in
between the electrodes and the stripes indicate that no
electric field contributes to the induced birefringence on the
center of the electrodes. The electro-optical behaviours of the

M

stabilized cells are investigated with transmittance versus
applied electric fields curves with red, green, and blue (RGB)
light sources for BPIII (Fig. 3c), isotropic phase (Fig. 3d) and BPI
(Fig. 3e).i (See Materials and methods). The hysteresis is
defined as H = (Easc - Eges) / E, x 100 %, where E, denotes
electric fields at peak intensity, and E,,. and Eg4.; denote half of
the peak during ascending and descending electric fields,
respectively. The measured hysteresis H with RGB light sources
is minimum for the stabilized BPIII (Fig. 3c; R: 0.5 %, G: 0.5 %,
B: 2.2 %), but is significant for the stabilized isotropic phase
(Fig. 3d; R: 6.0 %, G: 8.8 %, B: 11.3 %) and relatively less
significant for the stabilized BPI (Fig. 3e; R: 5.9 %, G: 3.7 %, B:
4.2 %).

The photomicrographs of the stabilized isotropic phase and BPI
cells are taken before, after and several tens of minutes after
applying an electric field. The residual light leakage near the
edge of the electrodes in both cells is shown in Fig. 4, whereas
the stabilized BPIIl shows consistent dark state before and
after applying an electric field as shown in Fig. 3a and b. After
several tens of minutes, the residual light leakage still remains
for the stabilized isotropic phase but disappears in BPl. We
may deduce that the electrostriction effect in the stabilized BPI
responds for several minutes, and the switching mechanism of
the stabilized isotropic phase is apparently distinguished from
the stabilized BPIII.

To identify the differences in the electro-optical switching in
detail, direct observation and thorough investigation of
topology at a focal plane near the electrodes in stabilized cells
are done by CLSM (Fig. 5). The CLSM images manifest stronger
reflection on the electrodes. The stabilized BPIIl
consistent isotropy in topology before and after the applied

reveals

electric field (Fig. 5a, ¢ and insets) while it shows spatially
different structural deformation between electrodes under the
applied electric field, E = 18.5 V/um (Fig. 5b and inset). The
deformation is more severe upon the edge of the electrode
due to the relatively stronger electric field strength. Comparing
the topology of the stabilized BPIIl and isotropic phase, the

This journal is © The Royal Society of Chemistry 20xx

reflected intensity in short-range is quite non-uniform in BPIII,
unlike in isotropic phase. In BPIIl, reactive monomers are more
miscible in disclinations of BPIIl. Consequently, polymerization
occurs around disclinations; the polymer network actually
imitates the disclinations in BPIIl (Schematic illustrations in Fig.
5a-c).32 In isotropic phase, on the contrary, the short-range
reflection is relatively uniform (Fig. 5d-f and insets) although
the overall topology is similar to that of the stabilized BPIII.
During photo-polymerization, phase separation occurs in
isotropic phase. The entropy-driven randomness guides the
polymer network growing bulky, and liquid crystals are
confined in a pore-type space such as the polymer-dispersed
liquid crystal (Schematic illustrations in Fig. 5d-f).50 In the
center region of the pore, liquid crystal molecules are not
anchored strongly enough to memorize their original
orientations due to relatively anchoring strength
(Schematic illustration in Fig. 5f and Fig. 4a). The analysis
strongly supports the reason that residual light leakage is
generated in the isotropic phase. In the stabilized BPI, on the
other hand, the topology reveals grains with boundaries, and
each grain consists of the periodic lattice structure (Fig. 5g-i).
The periodic lattices are deformed under the applied electric
field, i.e., electrostriction effect takes place (Insets of Fig. 5h).
After applying the electric field, the topological deformation in
the periodic undulations remains (Fig. 5i) as well as shown in
the polarizing optical micrograph in Fig. 4b.

Figure 6 shows the electro-optical response times of the
stabilized cells. Both rise and decay times are measured
between 10 % and 90 % transmittance changes. In the
stabilized BPIII, the response time is less than 100 ps for both
rise and decay (Fig. 6a, b). In case of the stabilized isotropic
phase, the low anchoring strength gives rise to slow decay
time with respect to the interaction between liquid crystal
molecules and polymer network (Fig. 6a, c). Although the
response time of BPI is still in sub-millisecond range, decay
time is much slower than that of the stabilized BPIII at every
RGB light sources (Fig. 6a, d).

low

Table 2 The properties of the stabilized phases.

stabili H° o Stability
-zed Topology
phase [V/um] [%] [ms] [°C]
BPIII ~18.5 0.49 0.07 >83.0 Isotropicd
Iso’ ~11.0 8.78 5.70 >87.0 Isotropicd
Grains and
BPI  ~170 374 061 >sg25  Poundaries
with periodic
undulations

® The saturation electric field. ° Hysteresis at wavelength of
514 nm. ° RGB average decay time. d Although the topology is
isotropic for both phases, the short-range order of the stabilized
BPIll differs from that of the stabilized isotropic phase.
Abbreviated from isotropic phase.

Here we discuss more aspects of the results. Under the
polarizing optical microscope, isotropic phase shows no color
due to the symmetry. Cubic BPs also imply an optically
isotropic state owing to the cubic symmetry, but colorful
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platelet and/or mosaic type textures are observed because of
Bragg reflection. The symmetry of BPIIl is similar to that of
isotropic phase and has neither long-range order nor structural
periodicity. However, previous study on scattering property of
the BPIll differs from that of isotropic phase due to
dissimilarity in short-range orders®® as also shown in the
measured reflectance (Fig. 2) In the CLSM images of the
stabilized BPIIlI and isotropic phase observed at the focal plane
(Insets of Fig. 5a, d), the different localized reflection may refer
to the surface roughness and also may imply the structural and
topological difference between the stabilized BPIIl and
isotropic phase.

The degree of hysteresis upon the applied electric fields in the
stabilized BPIIl and isotropic phase tends to be high at short
wavelength, which is consistent with the Kerr effect as defined
in Eq. (1). However, the opposite tendency is found for the
stabilized BPI (Fig. 3 and Table 2). The reason is deduced that
the electrostriction effect and/or complex topology contribute
to the electric switching as well. As the lattice is elongated
along the electric field, which is perpendicular to the direction
of light traveling, the wavelength range corresponding to
transmittance shifts to long wavelength range.

The main features of the stabilized phases are shown in Table
2. The saturation electric field of the stabilized BPIIl is
approximately 1.68 and 1.09 times higher than that of the
stabilized isotropic phase and BPI, respectively. However, the
stabilized BPIIl achieves excellent achromatic dark state, 17.9
and 7.6 times less hysteresis at wavelength of 514 nm, and
81.4 and 8.7 times faster response time than that of the
stabilized isotropic phase and BPI, respectively.

Conclusions

Wide-temperature liquid crystalline amorphous blue phase has
been demonstrated by polymer network stabilization. The
stabilized amorphous blue phase shows tens of microsecond
switching time, hysteresis-free and a consistent achromatic
dark state during application of an electric field. The topology-
mediated electro-optical behaviour verifies that such strong
anchoring strength in the stabilized amorphous blue phase is
allowed by polymer network that imitates the three-
dimensionally tangled disclinations. We believe that these
results will meaningfully contribute to the physical interest in
amorphous blue phase and to the design of future electro-
optical device applications.

Notes and references

§ The concentration of the chiral dopant deviates from the chiral
fraction in phase diagram (Fig. 1b) because the definition of chiral
fraction in Fig. 1b is weight of the chiral dopant to the weight of the
mesogenic constituents, which are liquid crystals (HTG135200-100)
and reactive mesogen (RM257).

¥ The measured transmittance was normalized by the lowest and
highest intensities of each measurement, and the cells had been
driven for several times before the measurements of transmittance
versus an applied electric field. Consequently, the transmittance at
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the minimum electric fields in ascending and descending fields
implies similar brightness level, i.e., the field-off states before and
after driving had already experienced the electric field in Fig. 3.
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Fig. 1. (a) Photomicrographs of BPIIl at 83 °C, isotropic phase at 87 °C and BPI at 82.5 °C before photo-polymerization.
(b) Phase diagram of polymer and liquid crystal composite. Red, black and green stars correspond to BPIIl, isotropic
phase and BPI in (a), respectively. (c) Stabilized cells viewed between crossed polarizers on a white backlight. (d)
Photomicrographs at 0 °C after photo-polymerization. White arrows indicate the optic axes of polarizers with a deviation

angle =4 3°. Scale bars are (a, d) 500 um and (c) 1 cm.
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Fig. 2. Reflection spectra of stabilized phases and polarizing optical micrographs in reflection mode. Scale bar is 500 um.
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Fig. 3. (a) Switching of the stabilized BPIII cell by the applied electric field £ = 18.5 V/um between crossed polarizers on a
white backlight and (b) corresponding polarizing optical micrographs. White arrows indicate the optic axes of polarizers.
Scale bars are (a) 1 cm and (b) 50 um. (c-e) Transmittance versus applied electric field curves of the stabilized (c) BPIII,
(d) isotropic phase and (e) BPIl. Red, green and blue represent specified wavelengths of 633, 514 and 460 nm,

respectively.’
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Fig. 4. Polarizing optical micrographs of (a) isotropic phase and (b) BPI before, after and several minutes after turning off

the applied electric fields £ =11 and 17 V/um, respectively. Scale bars are 50 um.
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Fig. 5. Confocal laser scanning micrographs before and after applying the electric field to the stabilized (a-c) BPIII, (d-F)
isotropic phase, and (g-i) BPI. Insets are zoomed in from the region of white broken rectangles. Right side columns are
schematic illustrations of each state with liquid crystal directors (green) and polymer (gray) on a substrate (light blue)
with patterned electrodes (greenish blue). Scale bars are 15 um and 5 um in insets. Yellow broken lines in insets of (g-i)
indicate topological lattice patterns in a grain. Inset of schematic illustration in (c) indicates polymer and local director

field. The singularity is not able to escape into third-dimension and pertains the disclinations in BPs.

_ a b c d

£ 10F ¥ g 10 Wavelength, . [nm] Iso_460 BPI_460

= % avelength, A [nm — Iso_ — BPI_

Q Weyelenatir, & [nm] © 081 __BPIl_460 . Iso_514 | 1 BPI 514

£ 41 o 460_Rise £ 06. BPII_514 | — 1s0_633 | | — BPI_633

b ~ 514 = = — BPII_633

& o 633 @ 0.4 i i

g m  460_Decay % ¥

e 01: ¢ : ° e 514 g 029\ . .

& = ]

3 : : , e 5 0.0 —— ‘ :

e BRIl Iso _ BPI Z 00 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
Decay time [ms] Decay time [ms] Decay time [ms]

Stabilized phases
Fig. 6. (a) Electro-optic response time of the stabilized BPIII, isotropic phase and BPI. Empty and filled markers indicate
rise and decay time, respectively. Error bars were acquired from the experimental standard deviation of 10 repeated
measurements. (b-d) The transmittance with respect to decay time of three stabilized phases with red, green and blue

curves representing specified wavelengths of 633, 514 and 460 nm, respectively.
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The polymer-stabilized amorphous blue phase manifests tens of microsecond response time, a consistent
achromatic dark state and intrinsically electro-optical hysteresis-free.



