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The growing demand for advanced photonic and electro-optical devices necessitates the rational design of
novel functional materials. Liquid crystals (LCs) are particularly promising due to their highly tunable electro-
optical properties. Building on this potential, we synthesized a series of polar bent-core LCs, F4-na (dipole
moment ~9.4 D), featuring a tetrafluorinated terminal motif and varying terminal chains. Distinct structure—
property relationships are observed in this series of compounds, with the shorter chain homologues
forming polar cybotactic clusters (N, phase) alongside nematic and tilted smectic phases. Dielectric
spectroscopy reveals non-trivial dipolar ordering, attributed to short-range polar order within cybotactic
clusters, notably present without net macroscopic polarization. Under an AC field, the materials form
electroconvection patterns, suggesting potential for optical modulation devices. Furthermore, the F4-na
materials, particularly the lower homologues showing cybotactic clusters, stabilize the otherwise
unstable blue phase (BP) at room temperature when doped with a chiral additive, achieving a maximum
BP range of 22.9 °C. This overcomes the challenges in achieving room-temperature BP with our easily
synthesizable materials, holding strong potential for 3D photonic applications. Overall, our findings offer
promising opportunities for advancing room-temperature photonic and electro-optical devices while
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Introduction

The advancement of electro-optical and photonic devices
hinges on the judicious design of novel functional materials
that are responsive to electric fields. Liquid crystals (LCs), owing
to their easily tunable electro-optical properties and high
responsiveness to external stimuli, are promising candidates for
advanced applications. In liquid crystalline systems, the
molecular shape, structure, and composition play a pivotal role
in defining their properties. Bent-shaped LCs, owing to their
distinct geometry, introduce chirality and polarity into the
supramolecular assembly. These features can result in the
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enhancing the understanding of self-assembly in soft functional materials.

formation of polar-responsive assemblies or clusters, giving rise
to phenomena such as electroconvection, ferroelectricity, and
flexoelectricity." Thus the presence of these polar clusters
directly influences the electro-optical and dielectric character-
istics of the material. Bent-core molecules are designed to
induce polar ordering by varying the terminal substituents and
incorporating polar functional groups. Considerable effort has
been devoted to understand the fundamental molecular inter-
actions that influence the phase structures and physical prop-
erties of various bent-core systems.

To date, numerous symmetrical and asymmetrical bent-core
molecules have been reported to exhibit polar nematic (N),
smectic (Sm), and cybotactic nematic (N) phases. These
phases are predominantly observed in molecules featuring
polar substituents such as cyano, nitro, and azo groups, as well
as in hydrogen-bonded systems, oxadiazole cores, terminal
polycatenars,” and halogenated structures, all of which display
distinct polar switching behavior."** Among these, fluorinated
systems stand out due to their enhanced ability to induce such
properties in bent-core LCs.*® The electronegativity and small
steric effects of fluorine contribute to the induction of polar
behavior, with the number and positioning of fluorine atoms
significantly influencing these properties.®* In the pursuit of
developing novel polar bent-core LCs with improved electro-
optical properties, we designed and synthesized a series of
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achiral polar bent-core LCs (Fig. 1), incorporating a tetra-
fluorinated aromatic ring as the terminal motif on the short
arm. This highly fluorinated system is connected to a methyl-
ated core, featuring ester and salicylaldimine linkages, resulting
in a polar bent-shaped molecule designated as F4-na (with F4
indicating tetrafluorination and ‘na’ denoting varying terminal
chain lengths of the molecule's longer arm). Here, ‘n’ represents
the terminal chain lengths (8, 12, 14, 16, 18), as illustrated in
Fig. 1.

Preliminary investigations of pristine bent-core compounds
F4-na by polarized optical microscopy (POM) and differential
scanning calorimetry (DSC) revealed monotropic LC behavior,
(with higher homologues n = 16 and 18 also showing short
temperature-range LC phase in heating cycle). Temperature-
dependent X-ray scattering measurements confirmed the pres-
ence of the intervening Ny, phase (smectic clusters in the
nematic phase), in addition to the nematic (N) and tilted
smectic (SmC) phases. Dielectric spectroscopy measurements
indicated the presence of polar cybotactic clusters in certain
homologues (with varying n), exhibiting short-range polar
ordering despite the absence of macroscopic polarization in any
of the mesophases, which is an unusual observation. Interest-
ingly, the F4-na compounds exhibited electroconvection
patterns upon the application of an AC field, reinforcing the
dielectric findings on the presence of short-range polar clusters.
The electroconvection phenomena observed under an AC field
showed distinct patterns across homologues, emphasizing the
significant role of terminal alkoxy chain length on the nature
and evolution of these non-equilibrium states. Electro-
convection in LCs provides exciting opportunities for applica-
tions involving optical modulation and dynamic material
systems under non-equilibrium conditions.

Building on our exploration of polar behavior in fluorinated
achiral bent-core LCs F4-na, we extend our investigation to the
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Fig.1 (a) Molecular structure of the F4-na series of compounds (with
n representing various homologues) (b) a plausible model illustrating
the formation of cybotactic clusters in these compounds (A at the
bottom indicating the average director direction).®
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role of tetrafluorination in stabilizing LC phases, with a focus
on chiral composites based on these materials. Fluorinated
molecules exhibit a unique potential to expand the temperature
range of otherwise unstable mesophases, while also inducing
polar behavior and improving electro-optical properties.'**
Complementing these properties, the bent molecular shape
plays a crucial role in stabilizing disclination lines within self-
assembled supramolecular lattices, particularly in frustrated
chiral LC phases such as blue phases (BPs)."* These unique
phases show great potential for use in 3D photonic devices
owing to their periodic lattice structure and low-voltage
tunability of optical properties. However, BP-based devices
have not yet been much developed due to stability issues at
room temperature. To address this, we utilized the synergistic
effects of tetrafluorination and bent molecular architecture in
our molecular system by combining these materials with
a chiral dopant to form a stable BP composite at room
temperature.

BPs have been observed in single-molecule systems,
composite materials,"” and polymeric formulations, including
both rod-shaped and bent-core fluorinated LCs.'®*° Despite
these advances, there remains substantial potential for devel-
oping easily synthesizable materials that can exhibit room-
temperature BPs. In our study, we successfully utilized F4-na
materials in combination with the chiral dopant S811 and
room-temperature LC 5CB to induce and stabilize BPs at
ambient temperature. By incorporating S811 into F4-8a, we
achieved a maximum BP range of ~22.9 °C near room
temperature, which was further stabilized down to room
temperature for ~8.9 °C range by using 5CB as an additional
dopant. This study revealed a systematic dependence of the
relative concentrations of the host achiral fluorinated bent-core
materials F4-na with the dopants 5CB and S811, providing
unique insights into the self-assembly behavior involved in the
formation of BP lattices. Additionally, some previous reports**>
indicate that cybotactic clusters (N;,) may play a significant
role in stabilizing BPs. However, the relationship between
cybotactic clusters and chirality amplification within these
phases remains largely unexplored. A deeper understanding of
structural factors influencing cybotactic cluster formation and
BP behavior is essential for developing advanced lasers,
photonic devices, and display technologies. Our detailed
investigation enriches this understanding by exploring the
structural interplay between macroscopic polarization, cybo-
tactic clusters, and BP stabilization under ambient conditions.

Results and discussion

Synthesis and characterization

The synthesis of the F4-na (n: 8, 12, 14, 16, 18) series of
compounds incorporating a highly fluorinated
aromatic ring through an ester linkage as the short terminal
arm of a bent-shaped molecule. This molecule features a central
methylated core and an extended ring system with flexible
terminal chains of varying lengths, forming the long arm, as
shown in Fig. 1a. The detailed synthetic scheme and procedures
are provided in ESI (Scheme S17). The ester linkage is crucial for
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Fig. 2 POM textures observed for F4-8a on a glass slide, illustrating (a) the appearance of birefringence in the N phase, (b) birefringent spots
within homeotropic-like dark textures in the N phase, and (c) textures observed in the SmC phase (cooling rate 5 °C min~Y).

optimizing flexibility within the molecular structure, thereby
facilitating LC behavior. The fluorinated short arm is attached
to a methyl-substituted core, with the methyl group positioned
at the transverse site, a key factor in promoting mesomorphism
in bent-shaped LCs. Subsequently, this core connects through
hydrogen bonding-stabilized Schiff base linkages with an
extended ring system bearing terminal chains of varying
lengths. The Schiff base linkage plays a pivotal role in molecular
design, contributing significantly to the stability of LC behavior.
The synthesized intermediate and final compounds have been
characterized using "H NMR, *C NMR, '°F NMR, IR and UV-vis
spectroscopy (details provided in ESI, Fig. S1-S77).

The F4-na series of compounds (with n = 8, 12, 14) exhibits
monotropic LC behavior. Specifically, the emergence of the
nematic phase featuring cybotactic clusters (Ngyp, Fig. 1b)* along
with the conventional nematic (N) and smectic C (SmC) phases
is observed. Analysis of the structure-property relationship
across different homologues reveals distinct patterns: lower
homologues of the series with n = 8, 12, and 14 demonstrate
a sequence of N, N1, and SmC phases, whereas n = 16 shows
the absence of the N, phase, primarily exhibiting short-
range N and predominant SmC phases. Conversely, n = 18
exclusively displays the SmC phase. The LC phase is also
observed in the heating cycle for n = 16 and 18 for short-
temperature range. The investigation of mesomorphic
behavior and structure-property relationships has been con-
ducted employing POM, DSC, and temperature-dependent

small-angle and wide-angle X-ray scattering (SAXS/WAXS)
techniques.

POM studies on F4-na materials were conducted at varying
temperatures (at cooling rates of 5 °C min~* and 10 °C min ")
by placing the sample on a glass slide with a coverslip. The
sample F4-8a, upon cooling from the isotropic phase, at 108 °C
exhibited a transition to the N phase, as evidenced by the
emergence of birefringence under crossed polarizers conditions
(Fig. 2a). Subsequently, as the temperature further decreased,
the birefringence vanished, transitioning to a dark texture with
intermittent bright spots (Fig. 2b). This observation under-
scores the pronounced tendency of the molecules to sponta-
neously align homeotropically within the N phase. Such
inherent tendency of molecules to align homeotropically is
advantageous, resulting in lower threshold voltages for electric-
field-driven switchability and faster response times, thereby
improving energy efficiency and device performance. Upon
further cooling, another transition to the SmC phase occurs at
80.9 °C, as evidenced by distinct textures (Fig. 2c). The tilted
orientation of the SmC phase was confirmed under homeo-
tropic anchoring conditions, where the textures show distinc-
tive features instead of a dark appearance, indicating molecular
tilt. Additional features are elaborated in the birefringence
studies. These findings are further supported by SAXS/WAXS
measurements (detailed in the next section). In a homeotropic
cell with a thickness of 18.3 pum, the observed behavior is similar
to that on a standard glass slide, with the appearance of

Table 1 Phase transition temperatures for F4-na series of compounds (Iso: isotropic, N: nematic, N¢,: nematic with cybotactic clusters, SmC:

smectic C; Cr: crystal)

Transition temperatures (°C) and enthalpy change (kJ mol ")
[in Brackets]; *transitions confirmed by POM studies;

Compound "designated by SAXS/WAXS studies
F4-8a Heating: Cr; 45.4 [—10.6] Cr, 109.3* [14.7] Iso
Cooling: Iso 108.0* N 91.0” Nyp, 80.9 [—0.3] SmC 69.2* Cr
F4-12a Heating: Cr 103.7 [6.5] Iso
Cooling: Is0 103.4 [~0.9] N 99.0% Ny}, 94.2 [—0.8] SmC 59.4 [—4.6] Cr
F4-14a Heating: Cr 104.1 [27.1] Iso
Cooling: Iso 102.3 N 98.3 Ny 92.0% SmC 62.0 [—40.7] Cr
F4-16a Heating: Cr; 77.5 [—5.7] Cr, 94.9 [24.0] SmC 98.7* N 104.0* Iso
Cooling: Iso 103.7* N 98.8 [—2.5] SmC 67.7 [—38.8] Cr
F4-18a Heating: Cr, 83.6 [—3.1] Cr, 98.3 [39.4] SmC 103.3 [3.0] Iso

8004 | Chem. Sci., 2025, 16, 8002-8013

Cooling: Iso 102.1 [—3.4] SmC 74.0 [—44.0] Cr
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birefringence upon transition to the N phase (at 101.5 °C), fol-
lowed by a dark texture with some birefringent spots. Upon
further cooling, birefringence texture emerges on transition to
a tilted smectic phase, followed by crystallization of the sample
(Fig. S8, ESIY).

The F4-na samples with n = 12, 14, and 16 exhibit similar
behavior upon cooling from the isotropic phase on a glass slide,
transitioning to a birefringent texture which subsequently
changes into a homeotropic alignment until converts to the
Smectic phase. These samples display variations in their
textures, presenting unique patterns when observed in both
planar and homeotropic cells. The detailed phase sequences
and textures for these samples are provided in the ESI (Fig. S9-
S11, S18 and S197). In contrast, the sample with n = 18, which
exclusively displays the SmC texture, exhibits distinct Schlieren
textures with focal conic textures overlaying on a glass slide,
while showing characteristic focal conic textures of the smectic
phase when observed in a planar cell (detailed in the ESI,
Fig. S121). The phase transition temperatures and their corre-
sponding enthalpy changes as determined through DSC, are
provided in Table 1 and Fig. S13 (ESIt). These findings are
further corroborated by SAXS/WAXS measurements, as elabo-
rated in the next section.

SAXS/WAXS measurements

The detailed mesomorphic analysis of F4-na compounds was
conducted through temperature-dependent SAXS/WAXS
measurements, employing small temperature intervals of 2 °C
and a cooling rate of 5 °C min~" from the isotropic to crystal
phase. This investigation unveiled the presence of cybotactic
clusters in the nematic phase of samples with n = 8, 12, and 14,
as evidenced by variations in correlation length derived from
the SAXS data (detailed in ESIf). Throughout the LC range,
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Fig. 3 (a) Temperature-dependent WAXS data for the F4-14a sample,
showing a small-angle peak and a diffuse wide-angle peak (b) SAXS
data for F4-14a, displaying the variation in intensity as a function of 26
(scattering angle), showing the temperature-dependent behavior of
the small-angle peak (c) SAXS peaks expressed in g-space (g = 41 X
sind/ 1 is the scattering wave vector) at different phases: Iso (110 °C), N
(100 °C), Ngyp (95 °C), and SMC (72 °C) and (d) the corresponding 2D
pattern of the SAXS peak in different phases.
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and (b) F4-14a.

a distinct small-angle peak and a wide-angle peak are consis-
tently observed. Conversely, compounds with n = 16 and 18
exhibit an additional small-angle peak, indicating the layered
structure.

The occurrence of the N, phase in compound F4-14a has
been discussed in detail (Fig. 3). The d-spacing obtained from the
diffused wide-angle peak is ~4.5 A, attributed to fluid alkyl
chain-chain correlations. The small-angle peak is broad at higher
temperatures, becoming sharp and intense as the temperature
decreases. To understand the mesomorphism exhibited by these
compounds, the variation of the correlation length, expressed in
terms of the number of correlated units, has been calculated
(details in ESIY). In the isotropic phase (at 110 °C), the sample
shows diffused peaks in both the small and wide-angle regions.
As the temperature decreases and the sample transitions to the N
phase (at 100 °C), the intensity of the small-angle peak increases.
Further transition to the SmC phase at lower temperatures is
intervened by the N.;, phase, characterized by the observation of
smectic clusters in the nematic phase. This is evident in Fig. 3c
and d (at 95 °C), showing a relatively sharp peak, further vali-
dated by the calculation of variations in correlation length
(Fig. 4b and Table S37). The d-spacing variation ranges from 36 A
to 38.5 A, and the number of correlated units ranges from 2 to 31.
In the isotropic and N phases, the number of correlated units is
about 2, increasing to 3-15 in the Ny, phase and more than 20 in
the SmC phase. The d-spacing in the SmC phase is less than the
molecular length L (obtained from DFT optimized structure,
Table S8 and Fig. S26-528, detailed in ESI}), confirming a tilted
phase.”® The behavior of F4-12a is similar, as shown in Fig. 4a and
Table S2.7 The presence of the Ny, phase is also observed in F4-
8a for a temperature range of ~10 °C. However, F4-8a exhibits N
phase for a wider temperature range compared to other

Chem. Sci., 2025, 16, 8002-8013 | 8005
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homologues (structure-property relation presented in Fig. S177).
In contrast, the higher homologues F4-16a and F4-18a, do not
exhibit the N, phase. Instead, a layered periodic structure is
inferred in the SmC phase, indicated by the presence of two
small-angle peaks with a d-spacing ratio of 1: 1/2. Notably, the N
phase is completely absent in the F4-18a. Detailed SAXS data and
the corresponding d-spacing calculations for these homologues
are provided in the Fig. 5, S14-S16, and Tables S1-S5 (ESIt).

Analysis of birefringence properties

To investigate the optical properties of the materials with
varying temperatures, birefringence studies were conducted.
The birefringence (An) measurements were made using an
optical spectral technique* for which a planar aligned cell (cell
thickness d = 9 pm, antiparallel buffing) filled with the sample
(F4-8a, F4-12a, F4-14a) was kept under a microscope with
crossed polarizers, and the angle () between the rubbing (R)
direction and the polarizer (P)/analyzer (A) was fixed at 45°. The
samples exhibited homogeneously ordered textures in the N
and N}, phases, with broken fan textures observed in the SmC
phase within planar cells. In homeotropic cells, small defects
emerged in the N, phase, increasing in size as the temperature
decreased, eventually forming the Schlieren texture character-
istic of the SmC phase. These defects are associated with
cybotactic clusters, which are more difficult to orient homeo-
tropically and expand as the sample cools (Fig. S18 and S19,
ESIt). The transmittance (7) spectra of the LC sample as
a function of wavelength were recorded at different tempera-
tures using a spectrometer. The transmitted light passed
through an LC cell can then be expressed as®

8006 | Chem. Sci., 2025, 16, 8002-8013
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: (1)

T = I, x sin® (2a) x sin’ (M> +D
here, I, is the intensity of the plane polarized light that falls on
the cell, « is the angle between the LC director and the polarizer
(kept at 45° in the current measurements), An is the birefrin-
gence of the sample, d is the thickness of the cell, A is the
wavelength of light, and D is an offset signal which accounts for
leakage of light through the cell. Now, An also depends on the
wavelength of incident light (1) due to dispersion, which is

governed by an extended Cauchy equation given by***”

AZXA*Z)

2= ¥ @

An =k x (
where k is a temperature-dependent scaling factor proportional
to the order parameter (S). In contrast, A* is a temperature-
independent dispersion parameter. The recorded trans-
mittance data is fitted to eqn (1) by considering An as a function
of wavelength given by eqn (2). The dispersion parameter A* was
found to be 214 nm for the studied compounds, from fitting the
highest temperature spectrum, which is just below the Iso-N
transition temperature. As mentioned above, the value of A* is
temperature independent (i.e., dispersion remains the same
under temperature variation) when the measurements are
being performed in the absence of electric field. Fig. 6a and
b display the variation of Az as a function of temperature for F4-
12a and F4-14a at a wavelength of 550 nm, respectively. The
insets in Fig. 6 illustrate the temperature dependence of the
scaling factor, k, for (a) F4-12a and (b) F4-14a.

The plot shows a sharp increase in An near the Iso-N tran-
sition temperature, followed by a more gradual rise in An as the
temperature continues to decrease. The gradual increase in An
with decreasing temperature can be attributed to enhanced
molecular ordering as the sample cools further. Notably,
a distinct jump in An is observed at the N/N¢,;,-SmC transition,
reflecting the phase change. The abrupt increase in An near the
SmC phase is primarily due to the introduction of translational
ordering in the LC matrix upon entering the smectic phase
(increased ordering), compared to the purely orientational
ordering present in the N phase.?®** Additionally, the N to Ny,
transition is observed as a slight change in the slope of the An
vs. T curve, indicating increased molecular ordering due to the
formation of larger cybotactic clusters in the N, phase.

0.18
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Fig. 6 Temperature-dependent variation of birefringence (An) for (a)
F4-12a and (b) F4-14a at a wavelength of 550 nm, measured in
a planar-aligned cell with a thickness of 9 um. The insets display the
temperature dependence of the scaling factor, k, for the respective
compounds.
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(a) and (d) Dielectric loss spectra (&) of F4-12a as a function of temperature and frequency in homeotropic and planar cells, respectively.

(b) and (e) Dielectric loss spectra fitted with the HN equation for homeotropic and planar cells at T = 100 °C, highlighting the presence of three
relaxation modes in each case (c) and (f) Temperature dependence of relaxation frequencies (f,) and corresponding dielectric strengths (é¢) for
F4-12a, showing the relaxation modes observed in homeotropic and planar cells.

Dielectric properties

In order to understand the polar behavior of the observed
clusters and the dielectric characteristics of various homo-
logues in the F4-na series, we employed the dielectric relaxation
spectroscopy technique. The F4-na series of compounds have
a net dipole moment of ~9.4 D (from DFT calculations, Table S8
and Fig. S26-528, ESIT). The LC samples (F4-8a, F4-12a, F4-14a
showing N.;,) were first heated above their isotropic transition
temperature, and dielectric measurements were then per-
formed during slow cooling with a temperature step of 0.5 °C. A
small voltage of 0.1 V was applied across the samples, with
measurements taken over a frequency range of 1 Hz to 10 MHz.
The temperature of the samples was stabilized to within +0.02 °©
C. Fig. 7a and d present the dielectric loss spectra of F4-12a as
a function of temperature and frequency in homeotropic and
planar cells, respectively. Three relaxation processes H1, H2,
and P1 of varying magnitude can be observed in homeotropic
and planar cells, respectively. In both alignments, high-
frequency processes Hypo and Pyro, were detected beyond the
presented data (~15 MHz) which can be assigned to the finite
resistance (~10 Q [0~ ") of the ITO-coated electrodes in series
with the cell capacitance. The H1, H2, and P1 peaks are
temperature-dependent and hence can be related to the relax-
ation process of the LC sample. The observed dielectric spectra
were analyzed by fitting the experimentally recorded complex
permittivity (¢*) to the Havriliak-Negami (HN) equation to
calculate the dielectric relaxation frequencies (f;) and corre-
sponding strengths (d¢) of the relaxation modes.

© 2025 The Author(s). Published by the Royal Society of Chemistry

WINFIT software of Novocontrol GmbH was used to fit the
dielectric spectra data. The HN equation is given as®***

3

1) i
Ek TpC 3)

* ’ o n
e(w)=¢ —le =¢o +
Eow

=1+ (o) ™)™
where ¢ is the dielectric permittivity, ¢” is the dielectric loss, ¢
is the limiting value of dielectric permittivity at a high frequency
that depends on the electronic and atomic polarizabilities of the
material, w = 27tfis the angular frequency of the probe field, ¢,
is the permittivity of free space, opc is DC conductivity, 7y is the
relaxation time and ode, is the dielectric strength of the k,
process, oy and S are the symmetric and asymmetric broad-
ening parameters which determine the distribution of the
relaxation times of the ky, process. Fitting the dielectric spectra
reveals that both the low- and high-frequency processes in
homeotropic and planar cells are of the Cole-Cole type (8 =
1).

Fig. 7b and e show the fitted dielectric loss spectra to eqn (3)
for F4-12a in homeotropic and planar cells at T = 100 °C,
respectively. The HN fitting aids in understanding the origin
and evolution of the three prominent peaks observed for F4-12a
(Fig. 7a and d). The high-frequency peaks (H2), with low
dielectric strengths (é¢ < 2), are attributed to individual molec-
ular rotations around the short axis. In contrast, the lower
frequency processes (H1, P1), with large dielectric strengths (de
> 70), correspond to the collective fluctuations of cybotactic
clusters formed by bent-core molecules across all mesophases,
including the isotropic phase.**** The fitted spectra also reveal
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(a) and (b) Dielectric loss spectra (¢”) of F4-14a as a function of temperature and frequency in homeotropic and planar cells, respectively.

(c) Temperature variation of relaxation frequencies and corresponding dielectric strength for F4-14a in planar cell.

an additional relaxation peak (P2) in the planar cell, charac-
terized by a small dielectric strength d¢ = 0.1 and a relaxation
frequency (f;) of 2.55 x 10° Hz in planar cell. The P2 process is
similar to H2 but exhibits ~10 times weaker dielectric strength,
suggesting it is also associated with the molecular rotation of
F4-12a molecules around their short axis. This difference in
dielectric strength between the P2 and H2 processes was
previously noted by Shanker et al.,** and was attributed to
a significant pretilt of the director relative to the substrate and
the low smectic orientational order parameter (S) of the
molecular system.

The variation of relaxation frequencies and corresponding
dielectric strengths of the H1 and P1 modes with temperature is
illustrated in Fig. 7c and f. The P2 process exhibits very low
dielectric strength across the entire temperature range. The
strength of the H2 process, as shown in Fig. 7c, is also small (d¢
= 0.4) in the isotropic phase, but it begins to increase near the
isotropic-to-N transition, stabilizing at about ¢ = 1 below this
transition. Similar behavior for relaxation modes associated
with molecular rotation around the short axis has been
observed in bent-core molecules.***® The low-frequency H1 and
P1 processes are attributed to the collective motion of cybotactic
clusters, which begin to form deep within the isotropic phase
due to dipolar interactions among bent-core molecules.**°
This relaxation mode persists even in the isotropic phase, with
its strength remaining relatively constant as the temperature
decreases below the Iso-N transition. While similar behavior
has been observed in polar bent-core molecules, where the
dielectric strength of collective motion increases below this
transition due to macroscopic polarization leading to larger
cluster sizes and enhanced dielectric strength with decreasing
temperature,®®*® no such macroscopic polarization was
observed in the F4-na compounds. Consequently, there is no
related enhancement in the dielectric strength of the H1 and P1
processes. However, the relaxation frequency of this collective
motion decreases with decreasing temperature, which can be
explained by the increasing viscosity of the LC material that
restricts the motion of molecular clusters.

Similar results were observed for F4-14a and F4-8a, as shown
in Fig. 8 and S20,7 respectively. The planar cell filled with F4-14a
exhibited two LC-based processes with origins and character-
istics similar to those observed in F4-12a. In the homeotropic

8008 | Chem. Sci,, 2025, 16, 8002-8013

cell filled with F4-14a, results akin to those for F4-12a were also
noted, although the collective cluster relaxation process shifted
to an even lower frequency (~5 Hz), merging with the parasitic
ionic relaxation caused by the separation and accumulation of
ions on the polymeric alignment layers. Consequently, an
increased dielectric strength of the collective relaxation process
was observed in homeotropic cells filled with F4-14a. However,
in F4-na series of compounds, despite the existence of clusters,
there is no ferroelectric-like response in any of the LC phases of
the studied homologues (detailed in spontaneous polarization
studies, Fig. S22 and $23, ESIt). Further, a similar trend was
also noticed through the dielectric permittivity ¢’ for all three
compounds (Fig. S211). The ¢ measurements didn't show any
mesoscopic enhancement of the permittivity values which is
a characteristic feature of macroscopic polar ordering in bent-
core LCs.

Response of cybotactic clusters under DC electric field

To further investigate the behavior of the collective relaxation
mode (P1) of cybotactic clusters, we examined the dielectric
spectra under DC bias voltage. The dielectric loss spectra were
recorded for F4-na compounds exhibiting N phases (n = 8, 12,
14, 16). For clarity, we subtracted the parasitic effects of ITO and
the DC conductivity factor. Fig. 9 illustrates the variation in
dielectric loss spectra (¢”) for the low-frequency collective
relaxation mode (P1) as a function of frequency for different
bias voltages. Interestingly, while the P1 mode is present in all
the homologues, it showed contrasting results under DC voltage
among the shorter terminal chain compounds (F4-8a and F4-

102 F4-12a
- @

1024

€

N
T=100°C \
a T T T T T T T T T
1;,3 10° 102 10°
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10"
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Fig.9 Effect of DC bias voltage on the P1 relaxation mode at T =100 °
C (N phase) in (a) F4-12a and (b) F4-14a compounds, filled in planar cell
of thickness 9 pum.
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Fig. 10 Optical micrographs depicting the EC patterns in the N phase (T = 93 °C) of the F4-8a molecule under crossed polarizers, with the
rubbing direction (R) oriented at 45° to both the polarizer and analyzer. When the frequency of the applied sine wave AC voltage (V) is set to 1
kHz (a)-(d), the resulting transverse wavy stripes are distinctly visible and appear thicker (c). In contrast, lowering the frequency to 60 Hz (e)—(h)
produces smaller and less stable transverse stripes (f). Notably, changing the analyzer angle does not result in a color interchange at either

frequency (d) and (g).

12a) and those with longer chains (F4-14a and F4-16a). In the
longer-chain molecules, the P1 process initially shifts to a lower
frequency with a small DC voltage (~5 V), but as the DC bias
increases, the collective relaxation process becomes completely
suppressed (Fig. 9b). This suppression of the low-frequency
collective relaxation under DC bias in bent-core compounds
with cybotactic clustering has previously been noted only in
ferroelectric bent-core molecules.***"** This variation in the P1
response further supports the conclusion that the low-
frequency process is related to cybotactic clusters rather than
ionic effects.

In homologues with shorter terminal chains, the applica-
tion of DC bias results in a shift of the P1 relaxation frequency
to lower values, while the dielectric strength remains largely
unchanged, indicating no effective suppression even at higher
DC bias (Fig. 9a). This kind of variation in the relaxation
frequency and dielectric strength of the low frequency collec-
tive relaxation process have not been observed previously and
can be attributed to the characteristics of non-polar cybotactic
clusters. The suppression of the P1 relaxation in long chain
molecules suggests the presence of small-scale polar ordering
within the clusters. Although this ordering does not yield
macroscopic polarization, it facilitates the reorientation of the
clusters in response to the applied DC field. In contrast, the
short-chain molecules exhibited no suppression under DC
bias for the low-frequency process, indicating that the small
polar clusters are strong enough to withhold the DC bias.
Thus, as the chain length increases, the strength of dipole-
dipole interactions inside the polar clusters decrease and
hence we observe the two contrary behaviors of the low-
frequency relaxation process under the application of DC
bias. These findings underscore the critical influence of
terminal chain length on the properties and behavior of
cybotactic clusters in bent-core LCs.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Electroconvection (EC) patterns under AC voltage

To understand and control their dynamic electro-optical
behaviors, LC samples have been studied under an AC field.
Particularly, the investigation of field-induced structured
patterned states in N LCs represents a significant avenue in the
study of nonequilibrium systems.**** Understanding and pre-
dicting the effects of external electric fields in nonlinear systems
like LCs, which are sensitive to pattern-forming instabilities, is
crucial for both research and technological applications such as
beam steering and optical switches.**® When an external elec-
tric field is applied to a LC, it typically induces a collective
molecular reorientation known as the Freedericksz transition
(FT), which is foundational for modern LC-based displays and
sensors.””*® However, the electric field often fails to produce
uniform reorientation (uniform FT), instead leading to spatially
periodic and localized distortions that form 3D patterns. These
patterns result from several factors, with electroconvection (EC)
theory providing a comprehensive framework for under-
standing the periodic modulation of the director in LC pattern
formation. In EC pattern formation, director modulation
because of macroscopic polarization, material flow, and space
charge ordering significantly contributes towards the origin and
evolution of these patterns. The formation of EC patterns is
influenced by factors such as the geometry of the cell (planar or
homeotropic) and the anisotropies within the LC system. The
Carr-Helfrich model, often referred to as the standard model of
EC patterns (s-EC), was one of the first to describe these
phenomena. However, patterns that cannot be explained by this
model are termed non-standard EC patterns (ns-EC). In our
study of the EC patterns in F4-na molecules, we observed several
intriguing ns-EC patterns, a few of which are presented here
(Fig. 10 and S247).

The development of EC patterns in the N phase of F4-8a and
F4-12a under different AC voltages (V) and frequencies (1 kHz

Chem. Sci., 2025, 16, 8002-8013 | 8009
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and 60 Hz) is illustrated in Fig. 10 and S24.7 In F4-8a, a clear
formation of transverse wavy stripes appears perpendicular to
the rubbing direction (R) when a 1 kHz AC voltage is applied
(Fig. 10c). At 60 Hz, the stripes become thinner and more
unstable (Fig. 10f). These results are similar to the prewavy
pattern reported* by Tanaka et al. However, no color inter-
change was observed when the analyzer was rotated (Fig. 10d
and g). Additionally, at 60 Hz, the stripes become dynamic, with
thin transverse stripes overlapping thicker longitudinal ones
(refer ESI Videot), forming a mesh-like pattern as the voltage
increases (Fig. 10h). This dynamic behavior is not typically
associated with prewavy patterns but is more characteristic of
other forms of non-standard EC (ns-EC) patterns.*® Further
analysis is required to better understand the origin and
dynamics of these EC patterns. Similar measurements were
conducted on the N phase of F4-12a (details in ESI, Fig. S24+)
and other homologues. These studies revealed intriguing
behaviors that require further investigation. A more in-depth
exploration of these findings is currently underway and will
be the subject of a separate manuscript.

Blue phase induction at room temperature

Building on our investigation of polar behavior in fluorinated
achiral bent-core LCs F4-na, we now explore how tetra-
fluorination aids in stabilizing LC phases. Fluorinated systems
have shown notable success in stabilizing BPs across broad
temperature ranges, as mentioned earlier. Furthermore, these
systems enhance the electro-optical properties of BPs, including
the Kerr constant.®® In our study, F4-na fluorinated bent-core

- 35:45:20 | (b)

compounds were explored for their potential to induce and
stabilize BP through doping with the room-temperature LC 5CB
and a chiral dopant S811 (refer to ESI{ for structures and
detailed methods, Fig. S251). As discussed earlier, we have
explored these materials in inducing the BP owing to the
synergistic effects of tetrafluorination and the bent shape of the
molecules. Various homologues of F4-na (n = 8, 12, 14, 16, 18)
were doped with an optimized concentration of 5CB and S811
following iterative trials. Interestingly, while the higher homo-
logues, F4-16a and F4-18a, failed to induce the BP, those with n
= 8, 12, and 14 were successful. Among these, the samples with
n = 8 and 12 (lower terminal chain lengths) exhibited a greater
tendency to induce the BP, likely related to the stability of the N
phase observed in the 8 and 12 homologues.

A graphical representation of the temperature ranges
observed for the BP across various mixtures containing different
homologues of bent-core compounds is provided in Fig. 11. As
previously discussed, homologues with n = 8 and 12 show
higher efficacy in inducing BP. The presence of Ny, phase in
these compounds appears to play a key role in contributing to
this property of induction and stabilization of BP. In the
mixtures depicted in Fig. 11, with varying homologues and
concentrations, BP ranges of ~8 °C were observed, albeit above
room temperature. Detailed information regarding the
temperature ranges is provided in Table S6 (ESIf). Corre-
sponding POM textures illustrating platelet formations for
some of the mixtures are displayed in Fig. 12.

Subsequent optimization of relative concentrations focused
on the F4-8a homologue, with varying concentrations of 5CB

25:45:30|(c)

Fig. 12 POM textures illustrating BP formation (platelet textures) in (a) doped mixture F4-8a:5CB:S811, (b) doped mixture F4-12a:5CB:S811, and
(c) doped mixture F4-8a:5CB:S811, weight percent ratios are indicated in the respective images.
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Fig. 14 Various mixtures exhibiting BP (a) Glass slide (against a black background) displaying the blue color reflected under ambient light at room
temperature (~28 °C) for three different mixtures. (b)—(d) POM textures showing BP in various mixtures. Composition ratios are mentioned in the

images as weight percent of F4-8a:5CB:S811.

and S811. Initial attempts at direct doping with $811 at different
concentrations revealed phase separation beyond a 50:50
weight percent ratio. The optimal stabilization of the BP was
achieved at a concentration of 20-30 wt% of the chiral dopant
$811. The results, including a maximum BP temperature range
of approximately 22.9 °C (for 80 : 20 mixture) are summarized in
Fig. 13a and Table S7 (ESIt). These observations offer two key
insights into BP formation in bent-core molecules. First, the
successful induction of BP in non-ferroelectric F4-na
compounds indicates that formation is dependent on cybotac-
tic cluster tendencies rather than macroscopic polar ordering.
Second, BP efficacy is influenced by terminal chain length,
favoring shorter chains (F4-8a and F4-12a) over longer ones (F4-
14a). Further, as discussed previously, the cybotactic clusters of
shorter-chain molecules exhibited different behavior compared
to those of longer-chain molecules, demonstrating non-polar
characteristics even at the microscopic level. This suggests
that their enhanced BP formation may be linked to this non-
polar nature, which requires further exploration to better
understand the underlying physical mechanisms.

Further efforts aimed to achieve BP at room temperature
involved the addition of 5CB. Concentration optimization was
conducted through multiple iterations where at room temper-
ature, a maximum temperature range of ~8.9 °C was achieved
for ~30 wt% concentration of F4-8a and S811 each. The POM
textures obtained for the BP in various mixtures are presented

© 2025 The Author(s). Published by the Royal Society of Chemistry

in Fig. 14. The formation of BP is influenced by both the cooling
rate and the type of substrate employed. Nevertheless, the
general trend observed with changes in relative concentrations
remain consistent, as depicted in Fig. 13. The temperature
range details are provided in Table S7 (ESIt). The classification
of the blue phase (BP I, II, III) utilizing detailed analyses such as
Kossel diagrams and selective reflection studies is deferred to
future research, which will be communicated in the extension
of this work. Extended investigations are currently underway to
elucidate these aspects comprehensively. Furthermore, these
materials can be integrated as gels or free-standing films for
functioning at room temperature for various sensing and
photonic device applications such as three-dimensional BP
lasers and diffraction gratings.*"**

Conclusions

We have successfully synthesized and investigated a series of
polar unsymmetrical bent-core LCs, F4-na, featuring tetra-
fluorinated terminal motif and varying alkoxy chain lengths (n
= 8, 12, 14, 16, 18). The compounds exhibited monotropic LC
behavior, with lower homologues (n = 8, 12, 14) displaying the
Ny phase, while higher homologues (n = 16, 18) predomi-
nantly exhibited SmC phases (alongwith short-range LC
behaviour in heating cycle). Detailed characterization through

POM, DSC, and temperature-dependent SAXS/WAXS

Chem. Sci, 2025, 16, 8002-8013 | 8011
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measurements confirmed the phase transitions. Furthermore,
DS studies revealed the presence of cybotactic clusters not only
in the liquid crystalline phases but also in the isotropic phase,
underscoring the complex behavior of these materials. Inter-
estingly, despite large cybotactic clustering and large molecular
dipole moments (~9.34 D), no macroscopic polar ordering was
observed in any LC phase (P; = 0). The behavior of cybotactic
clusters varied with the length of the alkoxy chain, as demon-
strated by DS measurements under DC bias, where lower
homologues exhibited a shift in the relaxation frequency, and
higher homologues showed suppression of relaxation
processes. These variations were further reflected in the
different electroconvection patterns observed across the
homologues, revealing the role of terminal alkoxy chain length
in defining macroscopic LC properties. These materials hold
potential for applications in light-scattering technologies and
non-equilibrium-based materials, given the diversity of their
electro-optical behaviors.

Furthermore, we have successfully induced
temperature BP in these bent-core compounds over a tempera-
ture range of ~22.9 °C using S811 as a chiral additive. We
further stabilized the BP down to room temperature for a range
of ~8.9 °C by incorporating 5CB as an additional dopant. BP
induction was most proficient in the lower homologues,
particularly those exhibiting the N, phase, with F4-8a and F4-
12a demonstrating the easiest stabilization, followed by F4-14a.
This trend underscores the critical role of terminal alkoxy chain
length in both stabilizing the BP and influencing the LC prop-
erties. While the role of cybotactic clusters in stabilizing BPs has
been noted in only a few reports, our work extends this model
through systematic concentration optimization, elucidating
their dual function as both host systems and dopants. The
ability of cybotactic clusters to stabilize BPs, especially in non-
ferroelectric systems, underscores the broader applicability of
these materials in advanced photonic devices. Our findings in
this work suggest that these materials can offer significant
potential for advancing room-temperature photonic and
electro-optical devices.

room-
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