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1. Introduction

Topological defects stabilized by a soft twist-bend
dimer and quantum dots lead to a wide thermal
range and ultra-fast electro-optic response in a
liquid crystalline amorphous blue phasef

Nurjahan Khatun, €22° Vimala Sridurai,® Katalin F. Csorba and Geetha G. Nair (2 *®
Amorphous Blue phase, or BPIll, a mesophase exhibited by highly chiral liquid crystals, is increasingly
being investigated for next-generation displays due to its attractive electro-optical properties, such as sub-
millisecond response time, high contrast ratio and wide viewing angle. However, obtaining a fast-
responding, thermally stable BPIII with commercial usability is still a challenge due to the frustrated nature
of the phase. The study presented here investigates the thermal and electro-optic properties of the BPIII
exhibited by a low molecular weight liquid crystalline system. Adding a twist-bend nematic dimer to a
mixture comprising a nematic liquid crystal and chiral dopant helps stabilize the BPI, the cubic blue phase,
due to the ultra-low bend elastic constant and saddle-splay deformation inherent to the dimer. Doping
small concentrations of surface-functionalized quantum dots reduces the free energy associated with the
topological defects leading to a complete transformation of the cubic blue phase to an amorphous one,
with the latter exhibiting a wide thermal range. Polarizing optical microscopy, and electro-optical studies
confirm the existence of BPIIl over 34 °C spanning ambient and below/above ambient temperatures. The
response time associated with the switching between achromatic dark and bright states is ~200 us, a
value faster than that reported for low molecular weight systems and on par with polymeric ones.
Furthermore, the BPIIl exhibits a hysteresis-free optical transmittance with low operating voltages and high
contrast ratio. A prototype device fabricated using the BPIll composite is found to be thermally, temporally
and electrically stable, making it highly promising for display device applications.

hence, is not on par with the recently developed OLED display
technology.® The active material used in LCDs is the rod-shaped

Liquid crystal display (LCD) technology based on conventional
nematic liquid crystals has seen tremendous growth in recent
decades, finding wide applications in televisions, computers,
and mobile phone screens. The improvements, such as LED-
backlighting and IPS switching, have greatly enhanced the cap-
abilities of LCD in terms of vibrant colour gamut, wider viewing
angle, image brightness, energy efficiency, cost-effectiveness, the
durability of the pixels, and robustness against burnout (image
persistence)."™ Yet, LCD suffers in terms of response time and
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nematic liquid crystal, which has a switching speed of a few tens
of milliseconds,"* much slower compared to the sub-millisecond
response of OLEDs. Therefore, finding an alternative material
that is stable over a wide thermal range, including ambient
temperatures and exhibiting a sub-millisecond response is essen-
tial to unlocking the full potential of LCD technology. In this
context, blue phase III (BPIII), a unique mesophase exhibited by
highly chiral liquid crystal (LC) materials, is being explored as a
potential candidate for next-generation LCDs.

Blue phase (BP), an optically isotropic LC phase, typically
appears between the cholesteric or chiral nematic (Ch) and
isotropic (Iso) phases in the thermal scale.®® Due to the high
chirality, the LC molecules self-assemble to form double
twisted cylinders (DTCs), and disclination lines appear when
the DTCs meet each other. Based on the arrangement of DTCs,
BP is classified into three subphases, namely BPI, BPII, and
BPIIL® In BPI and BPII, DTCs organize periodically to form
body-centred cubic and simple cubic structures, respectively.
The lattice constant of the cubic structures is of the order of

This journal is © The Royal Society of Chemistry 2023
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several hundred nanometers,”® and therefore BPI and BPII
selectively reflect colors along all three directions in the visible
spectrum, a characteristic of 3D photonic crystals.”*°** The
cubic BPs have potential applications*®™° in reflecting displays,
optical filters, and lasers. The BPIII, also known as “blue fog”, has
the DTCs arranged randomly, and hence an amorphous
structure.”"** Being optically isotropic, the BPIII appears dark when
viewed between a pair of crossed polarizers. On application of an
in-plane electric field, the DTCs unwind, and the LC molecules
orient along the field direction giving rise to a bright state.

In terms of display device parameters, BPIII is known to have
several advantages over the conventional nematic phase.”*™” For
example, BPIII does not require an alighment layer, unlike
nematic, making the device fabrication simple and cost-effective.
The response time of BPIII is in the sub-millisecond regime, on par
with that of OLEDs. The switching between the achromatic dark
(at zero fields) and the bright (on application of electric field) states
gives rise to a high contrast ratio. Furthermore, the BPIII is known
to exhibit a wide and symmetric viewing angle as well.

However, BPIII suffers from certain drawbacks such as low
thermal stability, high operating voltages, and hysteresis due to
residual transmittance,*® impeding its commercial usage in
display devices. Kikuchi et al. achieved BPI with a wide thermal
range of 60 °C by polymer stabilization, the first successful
method to stabilize a BP.>® A similar technique is also imple-
mented for BPIII by Kim et al. and further improved by Gandhi
et al. via polymer templating.’®*" Although such systems exhibit
sub-millisecond switching time, the operating voltages remain
relatively high due to the presence of a strong polymer network.

Several attempts have been made to thermally stabilize the
BPIII in low molecular weight systems with improved display
parameters. Some of the techniques used are nanoparticle
inclusion,*** and addition of bent-core*>*” and T-shaped**™*"
materials. Although the addition of nanoparticles such as quan-
tum dots (QDs)*>* and bent-core materials®>*® is known to
stabilize BPIII, electro-optic studies are not reported in several of
the systems. Yoshizawa and co-workers have extensively studied
the usage of T-shaped mesogens to stabilize BPIII over a thermal
range of ~33 °C, yet, the phase is stable only at sub-ambient
temperatures.*! Also, the response time reported for the system
is in the range of hundreds of milliseconds.*' The BPIII systems
reported by Chen et al. exhibit response times in the range
of a few milliseconds, but the thermal stability is ~10 to 15 °C,
close to only ambient temperatures.”>** Hence, obtaining a
BPIII system stable over a wide thermal range, spanning
above ambient, ambient and sub-ambient temperatures along
with sub-millisecond response time and low operating
voltages is extremely important from the viewpoint of display
applications.

The current study is an attempt to achieve a thermally stable
high-performing BPIII by the addition of a twist-bend nematic
dimeric compound (NTB) and surface-functionalized QDs to a
low molecular weight liquid crystalline system consisting of a
chiral dopant (CD) and a nematic liquid crystal (NLC). The
optimized QD-doped BPLC system shows a wide thermal range
of BPIII (~34 °C) covering ambient, above- and sub-ambient
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temperatures along with hysteresis-free sub-millisecond response
times, low operating voltages and high contrast ratio.

2. Experimental section
2.1. Materials

The nematic LC (NLC) used is BL036 (Merck, UK), a eutectic
mixture of seven components, exhibiting positive dielectric aniso-
tropy. A left-handed chiral material, S811 (Merck, Japan), is used as
the chiral dopant (CD) to induce BP. A compound exhibiting the
twist-bend nematic phase, 1”,7”-bis(4-cyanobiphenyl-4’-yl)heptane,
NTB for short (Synthon Chemicals, Germany), is added to thermally
stabilize the cubic BP. A bent-core LC, 4,6-dichloro-1,3-phenylene
bis[4’<(10-undecenyloxy)]-1,1’-biphenyl-4-carboxylate, BLC for short,
synthesized in our laboratory is used to prepare a BPLC mixture for
the control experiment. The core-shell type quantum dots, CdSe
(core)/ZnS (shell) (QD for short) tethered with the ligand octadecy-
lamine (ODA) (Sigma Aldrich), are used as nanoparticle inclusions
to the host BPLC. The structure and composition of the materials
used are shown in Fig. S1, Section S1, ESL.

2.2. Sample preparation

The BPLC composites are prepared by carefully weighing the
individual components, NLC, CD and NTB/BLC, using an ultra-
microbalance (Sartorious, SE2) and mixing them thoroughly at
120 °C, a temperature much higher than the isotropic temperature
of any of the components. The homogeneity of the composites is
confirmed by examining the phase transition temperatures using
polarizing optical microscopy (details given below). The host BPLC
is optimized for the thermal stability of BP in two steps: (i) the
concentration of CD in NLC is varied by fixing the concentration of
NTB and (ii) the NTB concentration is varied while keeping the
concentration of CD constant. The concentration of the surface-
functionalized QD in the host BPLC is kept very small, ie.,
0.005 wt%, to obtain the QD-doped BPLC composite (QD-BPLC
for short). Prior to the addition to the host BPLC, the stock solution
of CdSe/ZnS (the QD) in toluene is sonicated for about 30 minutes
to eliminate any possible aggregation of the particles. Then a pre-
determined volume of the QD solution along with excess toluene
(solvent) is added to the host BPLC, and the mixture is stirred
continuously for three days at 100 °C to evaporate the solvent and
achieve a homogeneous dispersion of QD in the host BPLC. The
remaining traces of solvent are evaporated by vacuum drying.

2.3. Characterization of QDs

2.3.1. High-resolution transmission electron microscopy
(HRTEM). HRTEM studies of QDs are carried out using the
JEOL JEM 2100 field emission transmission electron micro-
scope at an accelerating voltage of 200 kv with the sample
mounted on a copper grid. From the HRTEM images, the size of
the QDs is determined to be ~5.8 £ 0.7 nm by analyzing 100
particles using Image] software. The high-resolution images
clearly show the presence of lattice fringes, and the selected
area electron diffraction (SAED) shows bright spots, indicating
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that the QDs are crystalline in nature. The HRTEM images and
SAED patterns are shown in Fig. S2, Section S2, ESL.¥

2.3.2. Absorption and emission spectroscopy. The absorp-
tion and emission spectra are obtained using a UV-Vis-NIR
spectrophotometer (Perkin Elmer, Lambda750) and Photolumi-
nescence spectrophotometer (Horiba Jobin Yvon, Flurolog-3),
respectively. The spectra, as shown in Fig. S3 (Section S2, ESIT),
indicate a strong absorption at 563 nm and a corresponding
emission at 580 nm.

2.4. Polarizing optical microscopy (POM)

A polarizing optical microscope (Leica - DM4500P) in conjunction
with a temperature-controlled hot stage (Mettler Toledo — HS82/
HS1) is used to identify the mesophases and phase transition
temperatures. The composites are filled in indium tin oxide (ITO)
coated test cells with a cell gap of ~10 um and/or in-plane
switching cells (discussed below) in the isotropic phase by capil-
lary action. The textural images are captured in situ using a CCD
camera (Lumenera — Infinity3) fixed to the POM.

2.5. Circular dichroism

The circular dichroism studies are carried out using a Circular
Dichroism Spectropolarimeter (Jasco J - 810) in conjunction
with a temperature-controlled hot stage (Mettler Toledo - HS82/
HS1) to detect the chirality of the mesophase.

2.6. Differential scanning calorimetry (DSC)

DSC experiments are carried out using DSC (PerkinElmer 8000)
both on heating and cooling cycles at the rate of 5 °C min~" to
determine the phase transition temperatures.

2.7. Electro-optical studies

The composite QD-BPLC is filled in an in-plane switching (IPS)
test cell (from INSTEC Inc, USA) with inter-digitated ITO electro-
des patterned on one of the glass substrates to determine the
threshold voltage and the response times. The width of the
electrodes and the gap between the interdigitated electrodes are
identical, ie., 10 um, and the gap between the top and bottom
substrates, which defines the cell thickness, is 7.5 um. The test
cell filled with the sample is placed inside the hot stage such that
the long axis of the inter-digitated electrodes is at 45° with respect
to the polarization axis of either the polarizer or the analyzer.
An ac electric field (sine, 10 kHz) is applied to the sample using
a waveform generator (Agilent - 3320A) in conjunction with a
high voltage amplifier (Trek - PZD700A). The light from the
microscope lamp is incident on the sample, and the transmitted
light intensity through the sample is collected using a photodiode
(Hamamatsu — S2281) with a wideband amplifier (Hamamatsu -
C9329). The output of the photodiode is fed to a digital multi-
meter (Keithley — 2002) to obtain the electric field-dependent
transmitted light intensity and the threshold voltage. An ac pulsed
electric field (burst parameters: electric field ON cycle = 100 ms
and OFF cycle = 100 ms, sine wave, frequency = 10 kHz) is applied
to the sample to measure the response times (tox and topg). The
transmitted light intensity collected by the photodiode is fed to a
digital oscilloscope (Agilent - DSO4000X) to record the time
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dependence. The tox and topr are defined as the time taken for
the transmitted light intensity to vary from 10% to 90% and 90%
to 10% of the maximum transmitted light intensity, respectively.

3. Results and discussion
3.1. Optimizing the host BPLC

The host BPLC comprising NTB, CD and NLC is prepared by
optimizing the concentration of each of the constituents such that
the BP exhibits maximum thermal range. The chemical structures,
phase transition temperatures, and composition of different BPLC
mixtures are provided in Fig. S1, Section S1, ESL.{ Typically, LC
compounds with a rigid bent-core are used to enhance the thermal
range of BP.** In the present system, NTB, a liquid crystalline
dimer with a flexible alkyl linker, which shows the twist-bend
nematic phase, is strategically employed (as discussed later in this
section) to increase the thermal stability of BP. The temperature-
concentration phase diagrams obtained by varying the concen-
tration of CD/NTB in NLC are shown in Fig. 1. The phases and the
phase transition temperatures are determined using a polarizing
optical microscope (POM) in conjunction with a temperature-
controlled hot stage (for details, see ‘Experimental section’).

In the first set of experiments, the concentration of CD in
NLC is varied from 30 to 50 wt%, with the concentration of NTB
kept constant at 20 wt%. The partial temperature-concentration
phase diagram thus obtained is shown in Fig. 1a. On cooling
from the Iso phase, the composites with CD concentration
ranging from 30 to 40 wt% exhibit BPIII, characterized by a
dark foggy texture. The overall thermal range of BPIII in the
mixtures is between 1 and 3 °C. On cooling further, platelet
textures corresponding to the BPII and/or BPI phases appear,
which eventually transform into a texture with small focal conics,
characteristic of the Ch phase, at lower temperatures. For the
mixture with 45 wt% of CD, a direct transition from Iso to BPI is
observed with no signature of BPIIL Interestingly, for this compo-
site, the BPI-Ch transition precipitously drops to 25 °C, and thus
BPI exists over a thermal range of 20.3 °C. On increasing the CD
concentration to 50 wt%, BPI vanishes completely, and the BPIII
re-emerges with a thermal range of 18 °C. However, the phase is
unstable at ambient temperatures, with Ch appearing at 25 °C.

Next, the concentration of CD is kept constant at 45 wt%, and
the NTB concentration is varied from 10 to 25 wt%, as shown in
the phase diagram, Fig. 1b. It may be noted that varying the
concentration of NTB hardly affects the phase sequence and the
Iso-BPI transition temperature. However, the transition tempera-
ture corresponding to the BPI-Ch shows a eutectic point with the
thermal range of BPI being maximum (~20 °C) for the 20 wt%
NTB composite (see Fig. 1b and c), clearly indicating the critical
role of NTB in the thermal stability of the BP.

To further understand the role of NTB in stabilizing the BP,
control experiments are carried out on a BP mixture consisting
of a bent-core material*> BLC, replacing NTB. The chemical
structure and phase transition temperatures of BLC are pre-
sented in Fig. S1, ESL.{ The mixture, with 20 wt% BLC and
45 wt% CD in NLC, exhibits a similar phase sequence with BPI

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Partial temperature-concentration phase diagrams of BPLC mixtures.
The temperature vs. concentration (in weight%) of (@) CD in NLC (with NTB
fixed at 20 wt%) and (b) NTB in (45 wt% CD in NLC) showing the thermal range
of cubic and amorphous BPs. (c) The contour plot depicting the variation of
the overall BP thermal range with respect to concentration of CD and NTB.
The scale blue to red indicates the increasing thermal range of BP.

appearing on cooling from the Iso phase. However, the thermal
range of BPI is found to be only ~3.5 °C, nearly six times lower
compared to when NTB is added. The POM textures and the
phase sequence are given in Fig. S4, Section S3 of ESL.{ Thus, the
liquid crystal dimeric (also known as bimesogenic) compound
NTB, which exhibits the twist-bend nematic phase, is more
effective in enhancing the thermal range of BP compared to BLC.

3.2. Effect of NTB on the thermal stability of BP

The thermal stabilization of BP largely depends on the elastic
constants of the LC medium, as per Meiboom’s theory.*® The
modified”” free energy (F) expression of the blue phase per unit
length of the disclination lines is given by

F = Feore + Finterface ¥ Fo + Fy + YFprc (1)

where F, is the integral over the surface surrounding the
disclination line, F; is the Frank elastic energy in a region
surrounding the disclination (s = —1/2), and Fprc is the elastic
energy of the DTC per unit length. y(= 1/3/2) is the ratio of the
length of the DTC to that of the disclination line. The expres-
sions for each of the terms are given below.

Fy = —1/21 (Ky, + Ky4) (2)
where K,, is the saddle splay elastic constant
Fy = 1/4m (K3 + Kpp + K33) In (Rpax/Te) (3)

where K;;, K, and Kj; are the splay, twist, and bend elastic
constants, respectively. . is the radius of the core, and R,y is
its cutoff radius.

Fpre = 0.65 K;p + 0.23 K33 (4)

The terms Feore (= aATn 1%, where AT is the temperature
distance to the Iso-BP transition) and Fiyerface (= 2770, where o
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is the interfacial tension) are the excess free energy of the
disclination core and the interfacial energy between the dis-
clination core and bulk liquid crystal, respectively.

Among the five terms in eqn (1), Feore and Fingerface are
independent of the elastic constants, and therefore only Fy, F,
and Fprc are considered for further discussions.

As already discussed, the BP is formed by a lattice of DTCs
interspersed with a lattice of topological defects (disclination
lines). Hence, for the BP to be stable with respect to the single
helical Ch phase, the total energy should be minimized such
that the energy cost of the disclinations is overcome by the
stabilizing effect of DTC.®®*>*” Additionally, the saddle splay
elastic constant (K,) is known to play a significant role in
minimizing the free energy.”’*°

With this background, the enhanced thermal stability of BP
due to the addition of NTB can be understood as follows: the
inclusion of BLC is known to reduce K33 owing to the bent-
shaped molecules.** However, NTB with the chemical structure
(see Fig. S1, ESIt) of a central flexible alkyl chain connecting the
two phenyl groups is more conducive to bend deformations
compared to BLC and hence exhibits ultra-low bend elastic
constant.*®*° Thus, the free energy component F; is minimized
to a greater extent with the addition of NTB than when BLC is
added (eqn (3)). Furthermore, the twist-bend nematic phase
exhibited by NTB is known to undergo saddle-splay
deformation.*®° Therefore, a finite value of the associated
elastic constant, K,,4, gives a negative contribution and reduces
the free energy component, F, (according to eqn (2)). The term
0.23 K33 in Fpre (eqn (4)) contributes to the further minimiza-
tion of the free energy.

Thus the presence of NTB results in an overall reduction of the
free energy leading to a thermally stable BP. It may be mentioned
here that Coles et al. have achieved high thermal stability of BP in
bimesogenic compounds® with chemical structures similar to
that of NTB. Thus materials exhibiting twist-bend nematic phase
may have an edge over conventional BLC materials to achieve
enhanced thermal stability of BP. A similar trend has also been
observed in our earlier reported works.>>>

3.3. The QD-BPLC system: stabilization of BPIII

As discussed above, the BPLC mixture with 45 wt% CD and
20 wt% NTB (denoted as BP45 hereafter) exhibits the highest
thermal range of BPI, and is selected as the BPLC host for
further studies with QDs. The POM textures and the corres-
ponding selective reflection spectra obtained for the BP45 on
cooling from Iso at 0.2 °C min~" are shown in Fig. S5, Section
S3, ESIL.t The BPI characterized by violet platelets appears just
below the Iso phase, and on cooling further, the platelets turn
bluish-green; eventually, Ch appears at 25 °C.

A small concentration of 0.005 wt% of QDs is added to BP45
to obtain the composite referred to as QD-BPLC hereafter.
Details regarding the characterization of the QDs are given in
the ‘Experimental section’ and Section S2, ESIT (Fig. S2 and S3).

On cooling the QD-BPLC from the Iso at 0.2 °C min ™", a dark
fogey texture is seen under the POM at 45 °C, and the texture
remains intact until 11 °C. On cooling further, the Ch phase
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appears with the characteristic tiny focal conic texture. The
POM textures obtained for the composite in the Iso, BPIII and
Ch phases are shown in Fig. S6, Section S4, ESL The bright
spots seen in the textural images (Fig. 2a and Fig. S6, ESIT) are
due to the aggregates of the QDs that are uniformly dispersed
in the BP medium. As the size of the aggregates is only a few
microns, the scattering from them is not visible to the naked
eye, as will be evident from the actual images of the device
shown in the later section.

It must be mentioned here that as both Iso and BPIII phases
are optically isotropic, it is non-trivial to differentiate between
the two phases using POM textural studies, especially in the
presence of the scattering particles. Careful POM studies done
using a POL quality microscope objective lens (x10) show faint
foggy background in the BPIII and a dark field of view in Iso, as
shown in Fig. 2a.

On application of an in-plane ac electric field (sine, 10 kHz),
the dark foggy texture transforms to a bright birefringent
texture. The appearance of the birefringent state corresponds
to the unwinding of the helical structure (DTCs), a direct
confirmation that the phase is indeed BPIIL>'">® The POM
textures obtained in the dark and field-induced birefringent
states are shown in Fig. 3 and Fig. S11 (Section S9, ESI{). Thus,
the phase sequence of the QD-BPLC is: Iso 45 °C BPIII 11 °C Ch,
and the thermal range of BPIII is 34 °C (see Fig. 2b). The
thermal range covers ambient, above- and sub-ambient tem-
peratures. Thus the addition of a small concentration of QDs
leads to the induction of BPIII with BPI completely disappear-
ing from the phase sequence.

Determination of optical activity is a method to confirm the
presence of a chiral phase, in this case, BPIIIL. This is done by
rotating the analyzer from the crossed position (optic axes of the
polarizer and analyzer being 90° with respect to each other)
clockwise and anti-clockwise +/— 10°. A slight difference in
brightness between the +10° and —10° positions (see Fig. S7,
Section S5, ESIT), in conjunction with the optical isotropy,
confirms that the mesophase is chiral. The presence of a chiral
mesophase is further confirmed by circular dichroism studies.
The spectra obtained for QD-BPLC show a clear signal indicating
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Fig. 3 The POM images of the QD-BPLC in the OFF state (left) and ON
state (right) of BPIIl. Temperature is kept constant at 25 °C.

optical activity in the BPIII and no peak in the Iso, on cooling the
sample from Iso (see Fig. S8, Section S6, ESIT).

Further differential scanning calorimetry (DSC) experiments
are carried out to determine the Iso-BPIII and BPIII-Ch phase
transitions more accurately for QD-BPLC. The DSC thermograms
obtained on the heating and cooling cycles (at the rate of
5 °C min ") are shown in Fig. S9, Section $7, ESL{ On heating,
the Ch phase transforms to BPIII at 15.2 °C, and on heating
further, Iso appears at 46.2 °C. On cooling, the phase transition
temperatures corresponding to Iso-BPIII and BPIII-Ch occur at
45.1 °C and 14.1 °C, respectively. Thus, the BPIII thermal range
obtained from DSC is ~31 °C, both on heating and cooling, and
is 3 °C less compared to what is obtained from the POM studies.
The difference in thermal range is attributed to the effect of
sample thickness; the DSC experiments are performed on a bulk
sample, i.e., 20 mg in a 40 pl DSC cup, whereas POM studies are
done on a thin film (~ 8 pm thickness) sample. It is known from
the literature® that the BP thermal range strongly depends on
the sample thickness, thinner samples showing higher thermal
range compared to thicker ones, explaining the disparity in the
thermal range of BPIII obtained from the POM and DSC.

The addition of surface-functionalized nanoparticles such as
QDs is known to stabilize BP and, more importantly, extend the
thermal range of BPIII at the cost of cubic BP.**? The QDs with
sizes up to 10 nm can effectively get confined inside the core of
disclination lines (~10 nm in diameter), stabilizing the orga-
nization of the topological defects.*'** Moreover, the surface
functionalised QDs, when doped in the BP system, are expected

(b)

QD-BPLC

Ch

BP45

10 20 30 40 50
Temperature (°C)

Fig. 2 (a) The POM images of QD-BPLC (kept between crossed polarizers, x10 POL quality objective) captured while cooling the sample from Iso show
the foggy background in BPIII and the dark field of view in Iso against bright scattering QDs. (b) The phase sequence of the BP45 and QD-BPLC mixtures
depicting the blue phase thermal range enhancement and transformation of BPI to BPIIl in the presence of QDs.
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to distribute non-uniformly within the disclination lines, sta-
bilizing the amorphous BP over the more ordered BPI or BPIL>"
Additionally, the long chain ligands, i.e., the ODA molecules
tethered to the QDs, tend to interact with the LC molecules near
the disclination lines reducing the free energy of the defect
cores leading to close packing of the DTCs and hence lattice
contraction.”>*® This in turn results in increased chirality and
thus induction/stabilization of BPIIIL.

Thus, this study clearly brings out the significant role of
NTB, a material with ultra-low bend elastic constant®®*°
(as discussed in Section 3.2) and that of QDs, the zero-
dimensional nanomaterial, in the thermal stabilization of BPs.

The POM studies are also carried out on BPLC mixtures
by varying the concentration of QDs in BP45 from as low as
0.001 wt% to 0.1 wt% to understand the QD concentration
dependence on the thermal range of BPIII. The BPIII starts
appearing for the mixture with 0.002 wt%, although the range
is only 4 °C. When the concentration of QDs is > 0.005 wt%, the
BPIII still exists over a large thermal range, but the scattering
from the particles increases (see Fig. S10, Section S8, ESIT),
which in turn affects the optical properties (transmittance) of
BPIIIL Thus, the maximum thermal range of BPIII with minimal
scattering from the particles is obtained for 0.005 wt%.

It must also be mentioned here that the addition of QDs
enhances the BPIII thermal range only if the CD concentration
is sufficiently high in the host BPLC. In the case of lower CD
concentration composites, e.g., 30, 35 and 40 wt%, the addition
of QDs has no effect on the overall thermal range of BPIII (see
Table S1, ESIt). Also, the temperature-dependent absorption
and emission spectroscopy carried out on the QD-BPLC com-
posite show that the emission intensity is insignificant as the
concentration of QD in the host BPLC is quite low.

3.4. Electro-optical studies

The QD-BPLC is filled in an ITO-coated in-plane LC test cell to
carry out the electro-optical switching studies. The procedure
used is described in the ‘Experimental section’. All the experi-
ments are carried out at an ambient temperature of 25 °C,
unless otherwise stated.

3.4.1. Electric-field induced optical transmittance. Fig. 3
shows the POM images of the achromatic dark (no electric
field: OFF) and bright birefringent (electric field-induced: ON)
states of the BPIII in the QD-BPLC. The images are captured at
25 °C by keeping the polarizer and analyzer in crossed posi-
tions. The electric field (25 V um™?, sine, 10 kHz) applied in the
plane of the substrates unwinds the DTC structure of BPIII with
LC molecules orienting along the field direction resulting in a
birefringent state. The pattern seen in the bright state is due to
the inter-digitated electrodes of the in-plane cell magnified five
times by the microscope objective. The switching between
bright and dark states is highly reversible over several cycles
of application and removal of the electric field.

The transmitted light intensity through the sample (normalized
with respect to the intensity values obtained in parallel and crossed-
polarizer conditions without the sample in the optical path) as a
function of the applied electric field, in both increasing and
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decreasing cycles, is shown in Fig. 4. The intensity, which is close
to 0% in the pristine state, increases with the increasing electric
field and saturates at a value of ~80% for electric fields 20 V um™*
and above.

3.4.2. Threshold electric field. From the electric field
dependence of transmitted light intensity (Fig. 4), the threshold
field for switching between dark and bright states is calculated
to be 3.5 V um™'. The value is lower than what is obtained
for the polymer stabilized BPIII systems®' and is on par with
the lowest values reported for low molecular weight systems
(see Tables 1 and 2, Section 3.5). It may be mentioned here that
the presence of QDs is known to enhance the dielectric aniso-
tropy of LC systems, which in turn leads to a reduction in the
threshold electric field of the QD-BPLC system.”’

3.4.3. Hysteresis and contrast ratio. The electric field-
dependent transmitted intensity values collected in the increasing
field cycle nearly overlap with those obtained in the decreasing
cycle leading to a hysteresis-free behaviour (see Fig. 4). The
contrast ratio, defined as the ratio of maximum to minimum
transmitted intensity, is calculated from the transmittance
curve.”® The value thus obtained is 3300:1, a high intrinsic
contrast ratio without the need for additional compensation films
or complicated device geometries.>®

3.4.4. Response times. The experimental procedure used
for the determination of response times, the switch ON (toy)
and switch OFF (topr), are given in the ‘Experimental section’
and Section S9 of the ESL.{ Fig. 5a and b show the response
time data collected as a function of the applied electric field at
two fixed temperatures, 35 °C and 25 °C. While the 7ogr is
nearly invariant with the electric field, the ton decreases
monotonically with increasing electric field. For electric fields
>15 V um ™', both 1oy and topp reach sub-millisecond values.
For example, the 7oy and topr are ~0.2 ms and 0.3 ms,
respectively, at 25 V um™". The addition of nanoparticles is
known to reduce ionic impurities in the LC medium,”” and
hence the ultra-fast sub-millisecond response time in the BPIII
of the QD-BPLC system.

100
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© T 60}
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= »
E < 40t
¢ 8
c c
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0 5 10 15 20 25
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Fig. 4 Electric field dependence of transmitted light intensity in increas-
ing and decreasing cycles for the QD-BPLC sample at 25 °C. The solid line
drawn through the data points is a guide to the eye.
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Table 1 Electro-optic parameters of QD-BPLC
Response time
BPIII thermal range (°C)  Threshold electric field (Vv um™")  Contrast ratio  Transmitted light intensity (%) ton (ms) Torr (MS)
34 3.5 3300:1 OFF state: 0.02% 0.24 £ 0.005  0.29 % 0.005
ON state: 80%
Table 2 Comparison of device parameters of QD-BPLC with those reported in the literature
Thermal stability Electro-optic parameters
Transition Transmitted light
temp. (°C) intensity (%)
BPIII Iso - BPIII - Ey, Ton Torr Eop Hysteresis OFF ON
range (°C) BPIII Ch (Vum™") (ms) (ms) (Vupm™ ') (%) state state LC composites
10.8 325 217 341 1.16 0.96 10 — 0 22 Rod-like nematic + chiral dopant*
16 35 19 5 1.1 1.1 20 0.057 — — Rod-like nematic + chiral dopant®?
20 40 20 — - = = — — — Rod-like nematic + chiral dopant + bent core compound®”
20 100 80 — <10 <10 15 — — — Bent core nematic + chiral dopant®®
15 37 22 2 15 5 6 0 — — Bent core nematic + chiral dopant®”
7.2 284 212 4 04 0.8 14 0 0 89 Rod-like nematic + chiral dopant + T-shaped®’
8 36 28 3 1.6 39 13 — 0.9 85 T-shaped nematic + chiral dopant*’
8 49 41 3 8 8 10 — 0.85 55 Chiral T-shaped compound (single component®®
32.9 247 —82 — 200 600 12 — 0.7 80 Chiral T-shaped compound (single component)**
83 8 0 5 <0.1 0.07 18.5 0.49 — — Polymer stabilization of (Rod-like nematic + chiral
dopant®
66.6 83.6 17 10 <0.1 <0.2 40 — — — Polymer scaffold + rod-like nematic **
17.5 144.5 127  — - = = — — — Chiral liquid crystal + QD*
7.2 1462 139 — - - = — — — Chiral liquid crystal + QD**
34 45 11 3.5 0.24 0.29 25 0.03 0.02 80 Rod-like nematic + chiral dopant + twist-bend nematic
compound + QD (Present work)
Eg,: threshold electric field; E,p: operating electric field; —: data not available.

The response times are also measured as a function of
temperature at a fixed electric field of 25 V um ™', as shown in
Fig. 5c. The 1oy remains almost invariant with the temperature
except at 20 °C, while topr increases upon cooling. The response
time of BPIII is directly proportional to the rotational viscosity

(a) (b).-[000
D 25 °° @ ToN ’315 @ ToN
§,2.0 @ TOFF §/12 ° @ TOFF
(0] 15 [0
£ ° E® °
=4, =
) Y o 6
205l g0 90 g 2 ¢
o ® 920 o 3
a o a 00 900 00 LT
7 o ol®
& 5 10 15 20 25 30 @ 5 10 15 20 25 30
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»n 20 o 9 ToN
g, @ ToOF
g 1.5 A
= 10} ®
(O]
2 05
5o
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& 20 25 30 35 40 45
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Fig. 5 Electric field dependence of response times in BPIIl of the QD-
BPLC at (a) 35 °C and (b) 25 °C. (c) Thermal dependence of response times
at a fixed electric field of 25 V um~2.
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according to the relationship®®

7P’
= iy )

where yy is the rotational viscosity, ‘P’ is the helical pitch, and ‘&’
is the average elastic constant. Typically, the rotational viscosity
of LCs increases upon cooling due to increased molecular
ordering. Hence the 7opr, which is purely driven by the collective
motion of the LC molecules in the absence of an electric field,
increases upon cooling. However, even at 20 °C, the response
times are relatively fast, ie., T1on and Topr are ~0.5 and 1 ms,
respectively.

3.5. BPIII device

A prototype display device incorporating QD-BPLC with an
active area of 1 cm X 1.2 cm is fabricated to demonstrate the
electro-optical switching at ambient temperatures. A pair of
polarizers (P, A) are fixed on either side of the LC test cell filled
with the sample and the polarization axes are kept 90° (crossed
polarizers) with respect to each other. The device is illuminated
with a white light from an LED lamp. An ac electric field (sine,
10 kHz) is applied to the sample using a function generator/
amplifier setup (see ‘Experimental section’ for more details).
Fig. 6 (top row) shows the images of the device captured at
room temperature using a digital camera. The achromatic dark
state switches to a bright state on application of an electric field
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OFF state

Expanded DTCs

J

P P
" Incident Light —
Fig. 6 (top) Digital images of the BPIIl device at room temperature (25 °C)
in the OFF and ON states. The electric field applied is 25 V pm™. The
dashed square encompasses the active area of 1 cmx1.2 cm. (bottom)
Schematic representation of the electro-optic switching: (left) the random
arrangement of DTCs in the pristine OFF state and (right) unwinding of
DTCs on the application of the electric field. P, A and IP denote polarizer,
analyser and in-plane electrodes, respectively.

(25 V um™ "), demonstrating an excellent contrast between the
two states. A video of the electro-optical switching is shown in
Movie S1, ESL.{ As already discussed, the aggregates of the QDs
do not scatter light in the OFF state when viewed with the
naked eye (see Fig. 6) and are visible only at a high magnifica-
tion (10x and above) under POM (see Fig. 2a and Fig. S6, ESIt).

The electro-optic parameters of the device, viz., threshold
electric field, response time, optical transmittance, and con-
trast ratio, are summarized in Table 1. The values obtained are
also compared with those reported in the literature (see
Table 2). It may be seen from the table that the thermal stability
and response times of BPIII exhibited by QD-BPLC are better
than that of the low molecular weight systems and are compar-
able to that of the polymer-stabilized systems reported in the
literature. Furthermore, the BPIII also exhibits hysteresis-free
performance. The display device fabricated using the compo-
site has been highly stable under ambient conditions for more
than a year. The switching behaviour of BPIII in the QD-BPLC
system is schematically represented in Fig. 6.

Thus, QD-BPLC, a low molecular weight liquid crystal com-
posite prepared by the strategic addition of NTB and QDs,
exhibits a wide thermal range of BPIII spanning above ambient,
ambient and sub-ambient temperatures. Furthermore, the
composite exhibits an operating electric field comparable to
the values reported in the literature (see Table 2). The system
also exhibits sub-millisecond response time, hysteresis-free
transmittance and high contrast ratio and therefore has the
potential to be used as an active material for high-performance
LC display devices.

4. Conclusion

A BPIII with enhanced thermal stability and sub-millisecond
electro-optical response is achieved in a low molecular weight
LC system by the strategic addition of NTB, a twist-bend
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nematic dimer and surface-functionalized QDs. The ultra-low
bend elastic constant and the saddle-splay deformations of
NTB combined with the size-compatible QDs getting confined
inside the defect cores reduce the free energy of the system,
stabilizing the topological defects and hence the BPIII over a
wide temperature range of 34 °C covering above-ambient,
ambient and sub-ambient. Notably, the addition of QDs trans-
forms the cubic BPI to amorphous BPIII. The optimized QD-
BPLC device shows excellent electro-optic performance on the
application of an ac electric field: an achromatic dark state that
switches to a bright state with a sub-millisecond response time
(~0.2 ms) and excellent contrast ratio (~3300:1). The device
also exhibits robust, hysteresis-free switching and is found to
be thermally and electrically stable for more than two years.
Thus, the QD-BPLC system is highly promising to be used in
display devices, with the potential to perform on par with the
latest OLED technology.
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