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Blue phase liquid crystals (BPLC) are known to be useful for various non-trivial applications due to their
nanoscale self-assembled cubic crystalline structures. Even though the BPLC exhibits an efficient optically
isotropic phase due to the double helical confinement of liquid crystal (LC) molecules within a few hundred-
nanometer range, this hinders the orientation of LC molecules along the applied field direction. Consequently,

the BPLC demands larger driving fields to operate, degrading the device’s performance in real-world applica-
tions. In this context, we provide a chiral monomer template for BPLC that decreases the driving field by 52 %
while the electro-optical responses remain unaffected. Furthermore, our approach provides higher thermal
stability, with a broader BPLC phase range (42 °C), including near ambient temperature. As this approach
potentially overcomes the fundamental challenges of BPLC, the proposed system could be useful for next-

generation display devices.

1. Introduction

Owing to the inherent nanoscale self-assembly, the blue phase (BP)
liquid crystals (LC) are suitable for many non-trivial applications such as
in highly efficient sensors, field-sequential LC displays, lenses, lasers,
phase gratings, optical elements, smart photonic devices, etc. [1-5]. The
BPLC inherently comprises double twisted cylinders (DTCs), formed by
twisting LC molecules (-45" on one side to +45 on another) across its
diameter. It creates a cubic lattice with a lattice constant in the visible
wavelength range. The DTCs are self-assembled into three hierarchical
BP phases, namely BP I (Body-Centered Cubic), BP II (Simple Cubic), and
BP III (Amorphous), based on their cubic symmetry. Owing to the cubic
symmetry, it exhibits several unconventional properties, such as opti-
cally isotropic phase and sub-millisecond electro-optical response time.
It also offers devices that are alignment layer-free and have wide
viewing angles [6-10]. These self-assembled complex structures with
cubic symmetry exhibit photonic band gaps capable of 3-dimensional
localization of light. Especially, BP I and II are considered soft
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photonic crystals as they allow the manipulation of structures by various
external stimuli, such as light, thermal, electric, and magnetic fields.
Such a structural manipulation opens new pathways to narrow the op-
tical bandwidth and band gaps for adaptive structural coloration and 3-
dimensional photonic effects [11,12]. Unfortunately, the topological
line defects (disclinations) evolve between the DTCs, as the cylindrical
structures cannot fill the 3-dimensional space; hence they act as singular
points to destabilize the BP phase. So far, several techniques have been
proposed to overcome the aforementioned challenges. For instance, a
polymer-stabilized blue phase liquid crystal (PS-BPLC) is a system that
overcomes low thermal stability [13-17]. The dispersed monomers
selectively fill inside the disclinations and reduce the free energy of the
BP upon polymerization. Thus, the BPLC becomes stable over a long
temperature range. Similarly, an ultra-stable BP system was proposed
using the molecular synergistic self-assembly of molecules with distinct
configurations, which is a low-molecular-weight BP system with the
widest temperature range (over 130 °C) [16]. Novel materials with
engineered structures, such as bend-core [18,19], hydrogen-bonded
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[20], biaxial materials like U-shaped, T-shaped [21], nanoparticles, and
quantum dots [22,23], have also been proven to be potentially valuable
to overcome the thermal stability issue. However, these systems intro-
duce new challenges; for example, the PS-BPLC technique requires a
high-driving electric field to switch the phase and unwanted photonic
effects. Despite several efforts to overcome these issues [24-26], the
fabrication of the ideal BP, which is stable over a wide temperature
range with optimal electro-optical properties, remains a critical chal-
lenge. Recent advances in polymer stabilization techniques require the
use of chiral and mesogenic monomers for phase stabilization, which
have shown great potential for overcoming both of these challenges. In
such systems, a polymer network is formed inside the disclination lines
and the DTC without disturbing the local ordering of LC molecules. It
ensures phase stability for a more comprehensive temperature range
while reducing the driving field and maintaining higher mechanical
stability [4,27-31]. However, further phase stability optimization with a
reduced driving field is highly desired.

The templated BPLC has recently proven to be a promising approach
to addressing high driving fields and low thermal stability issues
[32-36]. After LC and chiral dopant molecules extraction, a PS-BPLC
serves as a hard template for achiral LC to reproduce the BP in this
approach. The highly twisted reconfiguration capability of achiral LC in
this template originates from the strong surface memorized anchoring
rather than the properties of the bulk materials. Furthermore, owing to
the polymer-directed LC molecular orientation, which possesses no
significant frustration, the phase gains high thermal stability. Taking
advantage of this polymer-directed templated BP, several electro-optical
devices, hyper-reflective films, tunable band gaps, and mirrorless lasers
have been demonstrated [37-40]. Not limited to BPLC, this technique
has been implemented in several systems for enriching photonic effects,
sensing, and display applications [41-44]. Although this approach
significantly reduces the required driving field to ~ 8 V/um [35,45], it is
still higher for conventional driving circuits, such as thin-film-transistors
(TFTs). Therefore, further reduction in the driving field is highly desir-
able from the perspective of future smart devices.

In this paper, we demonstrated a templated BPLC fabricated by a
novel polymerization technique that has reduced the driving field and
enhanced thermal stability compared to previously reported values
[29,35]. We found that the chiral monomer stabilized BPLC (CMS-
BPLC), which provides structural stability to DTC, can act as an effective
template for achiral nematic LC to reproduce BPLC. Refilling the achiral
nematic LC into this CMS-BPLC template named T-BPLC, we achieved a
broader BP phase of nearly 42 °C, including near room temperature. The
T-BPLC developed by us reduces the operating and the threshold fields
by more than half while keeping other electro-optical properties
unaffected.

2. Experimental procedure
2.1. Materials

The CMS-BPLC template was fabricated by using chiral dopant
R5011 (1.5 wt%), nematic liquid crystal BLO02 (80.2 wt%), chiral
mesogenic reactive monomer LC756 (1 wt%), mesogenic reactive
monomer RM257 (9.4 wt%), and monomer TPGDA (7.4 wt%). The
material R5011 possesses a right-handed helical twist power (HTP) of
126 ym~! (from HCCH). The material BLOO2 is a room temperature
nematic LC having the dielectric anisotropy (A¢) = 17.2, birefringence
(An) = 0.2460, and nematic to isotropic transition temperature (Tn;) =
74 °C. LC756 is a chiral mesogenic reactive monomer with diacrylate
functionality and a right-handed HTP of 76 um ™! (from Daken Chem-
icals, China). The monomer RM257 is an achiral mesogenic reactive
monomer with diacrylate (from Merck). The material TPGDA is a dia-
crylate non-mesogenic monomer (from Sigma-Aldrich). To induce
radical polymerization, a photo-initiator (Irgacure-651, 0.5 wt%, from
Sigma-Aldrich) was added to the mixture. The molecular structures of

Journal of Molecular Liquids 398 (2024) 124311

the materials are shown in Fig. 1. The monomer RM257 exhibits a
nematic LC phase between 68.7 °C and 128.2 °C (Fig. S1). The material
LC756 is a mesogenic chiral dopant comprising two acrylate functional
groups in its structure. Also, it exhibits the nematic LC phase at tem-
peratures ranging from 78.4 °C to 90.3 °C on heating and 84.8 °C to
67.7 °C on cooling (Fig. S2). Usually, higher monomer concentration is a
prerequisite for this approach because the polymer network must be
mechanically strong enough to retain its stability and periodicity. So, we
judiciously choose the higher monomer concentration.

2.2. Methods

The experimental procedure for the fabrication of the CMS-BPLC
template is shown in Fig. 2. First, the BPLC precursor is prepared by
adding the appropriate weight percentages of materials and mixing
thoroughly at 85 °C, at which LC756 and RM257 exhibit the nematic LC
phase. Then, the obtained homogeneous mixture was infiltrated into the
experimental cell by capillary action at 85 °C. The polarizing optical
microscope (POM) (Nikon, Eclipse LV100POL) and the reflection spec-
trometer (USB4000, Ocean Optics) were used to characterize the BPLC.
The temperature controller (Instec, MK2000) controls the temperature
of the sample. The experimental in-plane switching (IPS) cell consists of
comb-like interdigitated electrodes on the bottom substrate with each
electrode width of 15 pm and separated by 15 pm, with no electrodes on
the top substrate. A diameter spacer of 20 um was used to maintain a
uniform cell gap between the top and bottom substrates. The details of
the BPLC driving mechanism by IPS adapted by us can be found else-
where [46,47]. The BPLC phase stabilization is carried out by irradiating
ultraviolet light (peak wavelength of 365 nm) having an intensity of 20
mW/cm? for 15 min at a fixed temperature. Again, the CMS-BPLC phase
range was characterized by POM and spectrometer.

Further, the LC, chiral dopant, and uncured monomer molecules are
extracted by keeping the cell in a hexane-dichloromethane (80:20) so-
lution for two days. After confirming that all the targeted molecules are
washed out, the hexane-dichloromethane solution is evaporated, and
the CMS-BPLC template is obtained. The microstructural characteriza-
tions were performed using field emission scanning electron microscopy
(FESEM). In the final step, the same achiral nematic LC, BL002, is
refilled into the template at 85 °C and proceeded for structural and
electro-optical characterization. Several experiments are performed for
T-BPLC, including phase identification and electro-optics. The field-
dependent transmittance was measured by a lab-made setup consist-
ing of a He-Ne laser (wavelength = 632 nm) and a set of crossed
polarizers. The transmitted intensity was read out by a photodiode
connected to the oscilloscope (Tektronix, AFG3102). The incident po-
larization is set to 45 concerning the direction of the long IPS
electrodes.

3. Results and discussion
3.1. Fabrication of CMS-BPLC

First, we examined the phases and subsequent temperature range of
BPLC before phase stabilization. As depicted in Fig. 3a, the optical tex-
tures were covered by the green platelets and fewer red platelets in the
BP II phase, whereas the red and yellow platelets appeared in the BP I
phase. These Mosaic colors are Bragg reflections of cubic lattices those
oriented parallel to the direction of light propagation. The phase tran-
sitions as observed: Iso 72.4 °C BP II 70.3 °C BP I 67.3 °C Cholesteric
liquid crystal (ChLC) (here, the Iso and ChLC refer to the temperature
above the Tyy and the cholesteric phase, respectively), covering 2.1 °C of
the BP II phase followed by 3 °C of BP I phase. The phase stabilization
was performed at 69 °C, corresponding to the BP I phase. As expected,
the temperature range of CMS-BPLC is increased after phase stabiliza-
tion. In this case, the BP phase appears at 72.4 °C and extends up to
52.3 °C. Fig. 3b depicts the BP range after phase stabilization. The
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Fig. 1. Molecular structures of compounds used for fabricating CMS-BPLC template. The acrylate functional groups in the molecular structure are indicated as

red color.
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Fig. 2. Experimental procedure for making CMS-BPLC, CMS-BPLC template, and refilling achiral LC to produce T-BPLC. The refilling of the achiral nematic LC is

performed at 85 °C.

sequence of phase transitions is denoted as Iso 72.4 °CBP 11 67.8 °CBP I
52.3 °C ChLC. It shows 4.6 °C of BP II and 15.5 °C of BP I phase.
Although the achieved phase range of BP II is not significant, compar-
atively, the BP I phase range has increased.

The Bragg reflection spectra were measured to estimate the reflec-
tion peaks associated with the optical textures. Due to the cubic crys-
talline structure, the central wavelength of the Bragg reflection is given
by:

2na

h+ k24P

where a is the lattice constant of BP cubic lattice, 7 is the average
refractive index (2"%) of LC, and h, k, I are the Miller indices repre-
senting the orientation of the cubic lattice [48]. Therefore, the Bragg
reflection is determined by the size of the cubic lattice, which is pro-
portional to the pitch length (p), and the direction of the lattice

Ag = @

orientation. Moreover, the p is inversely proportional to the chiral
dopant’s concentration and HTP. For a given system, the p is the resul-
tant of both chiral dopant and chiral monomer, and it can be expressed
as:

1

_ _ 2
STHTP; X ¢ 2

p

where ¢; is the concentration of both the chiral dopant and chiral
monomer [27]. The calculated pitch of CMS-BPLC is found to be 377 nm.

The Bragg reflection spectra of CMS-BPLC are presented in Fig. 3c-d.
Each peak in the reflection spectra is associated with a particular color in
the POM image. In particular, before phase stabilization (Fig. 3c), two
narrow bandwidth reflection peaks with Az of 562 nm and 632 nm for BP
II originated from the reflections of (110) and (100) planes, respec-
tively. Similarly, two reflection peaks of BP I, 613 nm and 630 nm, are
from (200) and (110) planes, respectively. A short-range reflection



S. Pagidi et al.

75.0°C

P
ad
75.0°C

=]

Journal of Molecular Liquids 398 (2024) 124311

—~ 650 F T
E 90000 ¢ 00000 ¢ 000° (e)
~ S m = -
%600/ .
= 1
£ 550t d [ e
b3 1
K] 1
0] L
es0r ,
= ot !
450 " L n 1. 1 "
300 400 500 600 700 800 67 68 69 70 71 72 73 74 -
Wavelength (nm) Temperature (°C) g
C) =600 ' £%
s E w S %
s £ =
1500 = \ £=
750 8 E 560 | @ 5
@ E=1 1
..wm o I
<5
& ° 520
5 > I
L 1
= 1
480

300 400 500 600

Wavelength (nm)

60
Temperature (°C)

56

DTC Structure & Stabilization
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Measured Bragg reflection spectra for CMS-BPLC: (c) Before, (d) After phase stabilization. The dotted line indicates the phase transition between BP I and BP II. (e)
Schematic representation of structural stability of DTC by chiral mesogenic monomers. CM: Chiral monomer.

(480 nm) emerged at the end of the BP I phase, which is expected to be
from the (211) plane. Since the chiral monomer may not fully
contribute to the DTC formation, a significant deviation exists in the
estimation of Ag. After the phase separation (Fig. 3d), 4z is shifted to-
wards smaller wavelengths and appeared at 538 nm, 597 nm, and 560
nm for BP II, while it appeared at 592 nm and 504 nm for BP I. Since the
chiral monomer influence may exist even after polymerization, the re-
flections largely deviate from theoretical calculations. We presume that
the chiral monomer is more likely to form a polymer network in both the
disclination lines and inside the DTC, as depicted in Fig. 3e. The LC
molecules may not lose their helicity due to polymer network formation,
as the network surface may carry traces of BPLC orientation. The
comparative study of pre- and post-polymerization optical textures and
reflection measurements reveals no significant distortion to the self-
assembly of DTCs and hence supports conjectures. The pitch of the
polymer network formed inside the DTC may not be the same as that of
the liquid crystal since there is a high possibility that the chiral mono-
mer, under a strong helical twist, polymerizes with monomers even in
the disclination lines. The bandwidth of the reflection peak significantly
broadens after phase stabilization. The band’s broadening may be
associated with overlapping two close peaks.

3.2. Fabrication of CM-BPLC template

After necessary characterizations, the LC and uncured monomer
molecules were extracted by immersing the sample into the hexane-
dichloromethane solution and proceeded for further studies. The
UV-visible spectra were measured at room temperature corresponding
to the cholesteric phase to confirm the LC extraction (Fig. 4a). The
sample shows no indication of transmission peak after LC extraction, so
it confirms that all the LC molecules and chiral components are washed
out during extraction. Therefore, only the polymer network is left over,
and the targeted CMS-BPLC template can be realized. Further, we
separated the top substrate and performed FESEM characterizations.
Fig. 4b shows a microstructure image of a fabricated CMS-BPLC

template. The thickness of the network strand is smaller than 10 nm.
The network density seems slightly higher than a conventional PS-BPLC
template polymer network reported elsewhere [45]. This is thought to
be due to the novel structural stability of DTC by chiral monomer [27].
The network shrinkage anticipated may not be significant during the LC
extraction process because of the increased network structure density.
The non-uniformity of the network density could have originated from
the relatively less network formation inside the DTC.

3.3. T-BPLC and Electro-Optical properties

The same achiral nematic LC without chiral dopant and monomer is
refilled into the prepared template for further studies. In refilling, we
immersed the CMS-BPLC template into the LC and left the sample for a
few days under a vacuum. Thus, the LC slowly infiltrates into the
polymer network. The sample is ready for further characterization after
a few heating cycles above Ty;.

We examined the sample with POM and recorded reflection spectra
after refilling the achiral nematic LC into the CMS-BPLC template
(Fig. 5a,b). Interestingly, the refilled achiral LC exhibits the BPLC phase
in the CM-BPLC template (Fig. 5a). The achiral LC reconfigures the BP’s
orientational order through a spatially distributed CMS-BPLC template.
These findings reveal that the chiral monomer network structure serves
as the conventional BPLC template. This suggests that the surface
memorized anchoring or pinning is strong enough to extend the surface
orientation into the DTC bulk. In other words, the spatially distributed
polymer network directs the LC molecules at their immediate vicinity to
follow the BPLC traces recorded on the network surface, and this
orientation extends into the bulk through elastic interaction. The
coherence length is undoubtedly reduced due to structural stability. As a
result, more LC molecules make direct contact with the polymer
network, increasing the surface interaction strength. Therefore, the
orientation of LC in the immediate vicinity of the network plays an
essential role in the reconstruction of DTC. Subsequently, Bragg reflec-
tion measurements are performed, revealing that the cubic lattice
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structure can be reconstructed using achiral LC (Fig. 5b). Although the
T-BPLC analogs the monodomain-like optical textures, several smaller
platelets with distinct boundaries can be seen in the magnified optical
image. The platelets are relatively smaller in size than those of the
conventional PS-BPLC. In addition, the measured Bragg reflection
spectra correlate with POM texture (Fig. 5b,c). For T-BPLC, the
temperature-independent A of 490 nm with a bandwidth of 90 + 5 nm
is achieved. The obtained bandwidth remains constant throughout the
spectra (Fig. S3). It may be noted that no phase transitions were
observed compared to the pure LC in the template system. However, the
total phase range of 42.9 °C was achieved, including near ambient
temperature (28.2 °C) on cooling. It demonstrates that LC molecules
mimic the orientation of pre-polymerized BPLC in a densely packed
polymer network. Interestingly, this system also exhibits the ChLC phase
on a further temperature decrease (Fig. S4). The surface anchoring of the
polymer network within the DTC plays a crucial role in T-BPLC. The
phase exhibits a slightly wider bandwidth, which is a characteristic of
the T-BPLC. These Bragg reflections can be originated from the cubic
structure of T-BPLC. The reflection peak of T-BPLC lies within the band
of CMS-BPLC.

The electro-optics of both CMS-BPLC and T-BPLC are measured at
56 °C, as shown in Fig. 5d-f. A wave function generator (Tektronix
AFG31000) and amplifier (FLC Electronics) delivered a square wave
voltage to the sample at 1 kHz. The switching of T-BPLC also exhibits a
change in the birefringence (Fig. 5d). Assuming that the network to-
pology remains unchanged under strong fields, the change in
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birefringence is due solely to the reorientation of LC molecules. The
field-dependent transmittance curves of T-BPLC exhibit drastic changes
compared to CMS-BPLC (Fig. 5e). Both threshold field E; (10 % trans-
mission) and operating field E,, (90 % transmission) of T-BPLC are
decreased by more than half of the CMS-BPLC. In particular, the
measured Ey, is 1.5 V/um and 0.8 V/um, and E,, is 6.5 V/um and 3.1 V/
um for CMS-BPLC and T-BPLC, respectively. Such a substantial decrease
in Ey, and E,, could be attributed to LC molecules reorienting along the
field direction rather than the unwinding of twisted cylindrical self-
assembly. It is worth noting that the T-BPLC has a comparatively high
Kerr constant (K) (4.1 nm/VZ), whereas the CMS-BPLC exhibits a low
Kerr value (0.7 nm/V?) (Fig. S5). Perhaps the absence of chiral additives
results in an increase in the Kerr constant in the system. Furthermore,
the absence of undesired chiral dopants and uncured monomer mole-
cules not participating in the electro-optical effect is expected to
enhance the system’s purity. This could be another reason for the in-
crease in the K. The K is directly proportional to the An, A¢, and p. The
increase of K is relatively 5 times higher than CMS-BPLC, which is
substantially higher.

The measured response times of refilled LC are also comparable to
CMS-BPLC (Fig. 5f). The rise and decay response times are defined as 10
% and 90 % transmission change upon field-on and field-off, respec-
tively. Interestingly, fast rise time and slow decay time were achieved
for refilled BPLC compared to CMS-BPLC. The rise time is 2.6 ms and 0.8
ms, and the decay time is 1 ms and 2.6 ms for CMS-BPLC and T-BPLC,
respectively. The difference in the switching response time is expected to
originate from the difference in the elastic constant of these two mate-
rials [49,50]. This indicates that the relaxation duration is governed by
the combined effect of the elastic energy of nematic LC and the surface
interaction/pinning energy imposed by the spatially distributed poly-
mer network (Supplementary Section 3). On the other hand, the greater
surface memorized pinning effect caused by larger polymer network
density is a critical characteristic in this system.

In a current approach, the dispersed chiral monomer occupies inside
the DTC along with topological disclination lines at which a dense and
completely new template can be realized after polymerization. The
reconstruction of highly twisted DTC structures by achiral LC in T-BPLC
is directed by the spatial periodicity of the polymer template with di-
rector traces on the surface. Our proposed T-BPLC also possesses a low
Ey, and E,,. This unusual behavior originates from the absence of chiral
molecules, which necessitates an additional electric torque to unwind
the DTC and reorient it along the field direction. The only weak coupling
interaction between achiral LC molecules and polymer network reduces
E,p to half that of the conventional polymer stabilized BPLC. Therefore,
this device can be driven with traditional active-matrix circuits such as
TFTs. Furthermore, eliminating chiral molecules in a BPLC phase is also
advantageous to obtain a sub-millisecond response time in the system.
This unique feature of the proposed BPLC system offers several benefits,
including easy implementation to real-world device applications. On the
other hand, the increased surface pinning effect due to higher polymer
network density is a key parameter in this system. In this aspect, a
deeper understanding of the system from a more theoretical perspective
is required.

4. Conclusions

We have demonstrated a new CMS-BPLC-based template, which
overcomes the fundamental challenges of BPLC, including shorter phase
ranges and high driving fields. The CMS-BPLC offers a more robust
template for achiral LC to induce a BPLC phase that remains stable over
42 °C due to the improved structural stability. In our system, the driving
field is reduced by 52 % while the superior electro-optical properties are
retained. Our system’s high stability and outstanding electro-optics
make it simple to integrate into any TFT driving circuit.
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