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Binary mixtures of the ferronematic liquid crystal DIO with the recently reported non-ferroelectric liquid
crystalline material WJ-16 exhibiting colossal permittivity (CP) ~ 5000 and superparaelectricity were
studied by polarizing optical microscopy (POM), electrical switching, and dielectric spectroscopy. Three
mixtures with different W3-16 concentrations ranging from 10, 25 to 50% (w/w) in DIO as the host were
prepared. Our original expectation was the observation of new nematic compositions with both
ferroelectric nematic (Ng) and the non-ferroelectric CP phases. We found that the non-ferroelectric
phase in mixtures exhibits a CP mode, originally observed in pure WJ-16. Dielectric spectroscopy of
mixtures shows two distinct relaxation processes: the typical paraelectric response and the CP mode.
This CP mode in the mixtures is not superparaelectric, and here it is defined as a hyper-dielectric mode.
This is the first direct demonstration of the mixtures having both ferroelectric and hyper-dielectric
phases in liquid crystalline materials.

1. Introduction

Ferroelectric nematics were observed independently in two
different nematic compounds, DIO* and RM-734,> and the dis-
covery has generated great interest. Ferroelectric nematics are
characterized typically by (i) extremely large dipole moments
(u ~ >9 D), (ii) high spontaneous polarization (P; ~ 5 puC cm™ %> ®
and (iii) colossal dielectric permittivity (CP) ~ 10000. Such
high values of the dielectric permittivity are modeled by two
different theoretical models: the high-e model”® conceptually
based on a ferroelectric Goldstone (phason) mode, and the
polarization-external capacitance Goldstone reorientation
model® ™ taking into account coupling of the Goldstone mode
with the external capacitance of the measuring cell, particularly
through insulating surface layers at the electrodes.

Though new ferroelectric LCs'>° are reported and discussed
continuously, the discovery of ferroelectric nematics has not yet
brought clear benefits to the electro-optic (EO) switching and
liquid crystal display (LCD) industries. On the other hand, the

“ Department of Electronic and Electrical Engineering, Trinity College Dublin,
The University of Dublin, Dublin 2, Ireland. E-mail: yuri.panarin@tudublin.ie,
Jvij@tcd.ie
b pepartment of Electrical and Electronic Engineering, TU Dublin, Dublin 7, Ireland
¢ Department of Chemistry, University of Hull, Hull HU6 7RX, UK.
E-mail: g.h.mehl@hull.ac.uk
 Department of Materials Science & Engineering, Xi’an Jiaotong University, Xi’an,
China
¢ Department of Physics, Birla Institute of Technology and Science, Pilani,
Rajasthan, India

6808 | J Mater. Chem. C, 2026, 14, 6808-6818

huge or the colossal dielectric permittivity (CP) observed in
ferroelectric nematics is a potential working medium in super-
capacitors for future prospective applications. Supercapacitors
are characterized by very large capacitances (1 mF to >10 kF)
which can combine the properties of capacitors and batteries
into one device, hence these can be used in two rather indepen-
dent applications: (a) as batteries, i.e., storage of electrical energy
and (b) as electronic components. Supercapacitor batteries are
based on different storage mechanisms, such as the accumula-
tion of ions in a double layer or electrochemical reactions arising
from a combination of ions. The specific electrical capacity of a
typical supercapacitor is about 10 kW kg™ ', an order of magni-
tude higher than that of the lithium-ion batteries, and super-
capacitors also have faster charge/discharge cycles.”’ This
property is especially important in applications that require
rapid bursts of energy to be released from the storage device. A
supercapacitor also has the potential to be used as a part of
electronic device, where the need for increased device density
goes hand in hand with a miniaturization of electronic struc-
tures down to the nanoscale. There, the replacement of conven-
tional dielectric materials with those of colossal dielectric
permittivity is required. We note that beyond ferroelectric
nematics and solid ferroelectrics, CP is also observed in solid
non-ferroelectric materials known as superparaelectrics (SPEs).
There are no strict definitions of the terms ferro-, para-, and
superpara-electrics, as they have mostly been introduced as
electrical analogs of the terms used for magnetic materials. The
first systematic studies were carried out by the Curie brothers
in 1880 when they first described the piezoelectric effect.””

This journal is © The Royal Society of Chemistry 2026
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In 1912, Debye pointed out that this class of materials carry a
permanent electric dipole moment, making the analogy to
ferromagnetics. Following Langevin’s theory of paramagnet-
ism, Debye derived the equation (¢ — 1)/(¢ + 2) = a + b/T, where
a is proportional to the density of the substance and b to the
square of the electric dipole moment to describe the dielectric
properties. As per this equation, Tc = b/(1 — a), for a critical
temperature T¢, the value of the dielectric constant reaches
infinity. Debye proposed that T¢ is the analog of the Curie
temperature of a ferromagnet. Furthermore, in 1912, based on
Debye’s model, Schrodinger speculated that all solids should
become “ferroelectric” at sufficiently low temperatures.”> The
first report of classical ferroelectric hysteresis was observed by
Valasek in 1921.>*

Considering that most materials are not ferroelectric, para-
electricity describes the behavior of dielectrics where an
applied electric field induces polarization resulting from the
alignment of dipoles parallel to the field, and this polarization
disappears when the field is removed. Hence, for such materials,
the P-E dependence obeys the Langevin function, with an initial
almost linear P-E dependence over a wide range of applied
electric fields, and a gradual saturation is reached at much
higher fields. For example, the sample, WJ-16, shows linear
P-E dependence even at extremely large electric fields up to
11 V pm™ " (ref. 25) and is thus considered almost linear P vs. E
within the experimental constraints. Also, WJ-16 is not ferro-
electric; it exhibits CP, and it can be described as superpara-
electric. The objective for this study is to explore whether
mixtures of the two materials WJ-16 and DIO, showing both
paraelectric and ferroelectric nematic phases, would allow us to
monitor the transition from paraelectric to superparaelectric and
to ferroelectric, using carefully constructed compositions in
these two materials, whose chemical structures are very close.

To our surprise, the experimental results in the mixtures
show that we found the first examples of materials that show a
sequence of two nematic phases: ferroelectric and superpara-
electric.

2. Materials

This paper reports a study of the different mixtures of two
different types of nematic LCs: (i) a well-known ferroelectric
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nematic DIO and (ii) a recently reported non-ferroelectric, but
superparaelectric nematic WJ-16.>° The molecular structure of
WJ-16 is based on DIO, where a fluorophenyl group of DIO is
replaced by a pyrimidine group, as shown in Fig. 1, and this
replacement increases the molecular dipole moment from
9.4 D for DIO to 10.4 D for WJ-16. Furthermore, the phenylpyr-
imidine unit in WJ-16 is more planar than the biphenyl unit of
DIO. Surprisingly, WJ-16 does not show the ferroelectric
nematic phase, nevertheless, it also exhibits CP. This was
explained in ref. 26 and 27, which showed that a high value
of the dipole moment is important, but this is not a sufficient
condition for the formation of the Ny phase.

The transition temperatures of individual components and
their mixtures are given in Table 1, and the phase diagram is
shown in Fig. 2.

At first glance, the phase sequences of mixtures appear
similar to that of DIO. However, in DIO, “N” is an ordinary
nematic phase, but in WJ-16 and mixtures, “N”’ is a superpara-
electric nematic phase with CP as discussed below; the concen-
tration where CP values increase is yet to be determined.

3. Results and discussion

3.1. Polarizing optical microscopy (POM)

The temperature-dependent optical textures of the prepared
mixtures were investigated using polarizing optical microscopy
(POM) in different cells with thicknesses ranging from 2 to 9
pm. Both commercially sourced (E.H.C. Co. Ltd, Japan) and
laboratory-fabricated ‘“uncoated” indium tin oxide (ITO) elec-
trode cells were used. Planar and homeotropic alighments were
achieved by spin-coating appropriate alignment surfactants
and subsequently polymerized as layers onto the ITO surfaces
of substrates. Fig. 3(a-c) illustrates the POM textures obtained
from 9 pm anti-parallel buffed planar cells filled with the
mixtures.

On cooling from the isotropic phase, all mixtures form
excellent homogeneous planar textures. On further cooling
down to the Ng phase, the texture’s homogeneity persists with
only color variation due to a change in the birefringence.
However, in the Ny phase, all three mixtures, including DIO
(but not WJ-16), show a two-domain texture of opposite chirality
which can be observed between slightly uncrossed polarizers

Fig. 1 The chemical structures of molecules WJ3-16 and its prototype DIO.

This journal is © The Royal Society of Chemistry 2026
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Table 1 The phase sequences and phase transition temperatures (in °C)
for different liquid crystal systems and their mixtures

Phase sequences determined by Differential
Scanning Calorimetry, Dielectric Spectroscopy,

System electrical switching and texture

DIO

MIX 10 of WJ-16
MIX 25 of WJ-16
MIX 50 of WJ-16
WJ-16 100%

Iso
Iso
Iso
Iso

Cr (<20) Ng (66.8) N, (83.5) N (173.8
Cr (<20) Ng (52.0) N, (73.0) N (179.0
Cr (<20) Ng (50.0) N, (72.0) N (180.5
Cr (34.5) Ny (47.5) N, (66.5) N (190.0
Cr (79.3) SmA (110.5) N (198.6) Iso

— ==

(Fig. 4). Such domains are characteristic of the Ny phase, which
appear in anti-parallel rubbed planar cells due to the polar
azimuthal anchoring energy.?® Crystalline phase formation was
exclusively observed in MIX 50 at room temperature, the
mixture with the highest WJ-16 concentration (50%). For other
mixtures, crystallization was only observed if the sample was
kept below room temperature overnight.

In the homeotropically aligned cells, dark optical textures
indicative of excellent homeotropic alignment were observed in
the N and N, phases due to the minimal birefringence. In the Ng
phase, a more complex, grainy/sandy texture was observed, indi-
cating an emergence of the complex molecular order. In uncoated
cells, disordered Schlieren textures were observed in the N and N,
phases. In the Ng phase, a mixture of the Schlieren texture and of a
complex domain texture was observed, resulting from an inter-
action of the polar ordering and of an unaligned cell. The textures
observed in both homeotropic and uncoated cells were consistent
with those observed for the pure DIO.

3.2. Birefringence

Birefringence (An) measurements were carried out using an optical
spectral technique®® on a 9 um homogenous planar-aligned cell.
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Transmittance (7) spectra were acquired using an Avantes
AvaSpec-2048 fiber spectrometer with an achromatic light source,
as a function of temperature, spanning from the Iso-N transition to
the Ng phase for all mixtures. The transmittance 7' of a homo-
geneous planar-aligned cell is given by:

T = Asin’ (W) +B (1)

where A is the amplitude factor, B is the leakage offset of light
12 . /1*2

through the cell, d is the cell thickness, and An(2) = k - h is

the birefringence dispersion, governed by the extended Cauchy
equation. Birefringence data at a wavelength of 550 nm were
calculated using custom-developed software®® and are presented
in Fig. 5.

The temperature dependence of the birefringence in the
high-temperature conventional N phase was fitted to the Haller

equation, given as:
T\
) ©

AI’I(T):A}’Z()Q:AI’Z()(]— 1 ~
so—

where An, is the maximum birefringence for the order para-
meter Q = 1, Ti5o-n iS the isotropic to nematic phase transition
temperature, and f§ is the exponent, determined to be 0.2 +
0.02, for an ordinary/conventional nematic phase. The best fit
of the experimental data to eqn (2) confirms the conventional
nematic behavior of the high-temperature N phase in the
mixtures, with fitting parameters listed in Table 2.

As shown in Fig. 5, the birefringence increases gradually
with decreasing temperature in the N phase. Upon transition
from the N phase to the Ny or Ny, the birefringence curve
deviates from Haller’s equation, exhibiting an increased value
in the N, phase on cooling. Subsequently, a discontinuous
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Fig. 2 The phase diagram of DIO and WJ-16 mixtures obtained from DSC, Birefringence, Texture, Dielectric Spectroscopy and electrical switching reversal current.

This journal is © The Royal Society of Chemistry 2026
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MIX 50

170°C

Fig. 3

(Room Temp.)

Q5 °C
65 °C

(a—c). POM textures of 9 um anti-parallel buffed planar aligned cells, filled with MIX 10, MIX 25, and MIX 50, respectively, were acquired at different

temperatures. The analyzer (A) and polarizer (P) orientations are indicated. The white arrow (R) denotes the rubbing direction. The scale bar on the left in
Figures represents a length of 100 pm.

Fig. 4 POM textures of a 9 um anti-parallel buffed planar cell, filled with MIX 25 at a temperature of 45 °C. Domains of the opposite chirality are
observed on the rotation of the polarizer in opposite directions from the crossed polarizer position.

jump in the birefringence is observed at the N,~Ng transition
temperature. The birefringence curves of MIX 10 and MIX 25
are similar to DIO. For MIX 50, a dip in the birefringence curve
is observed at a temperature of around 60 °C. However, no
change in the optical textures is observed (see Fig. 3, MIX 50,
T = 45 °C). The observed dip in the birefringence of MIX 50
is assigned to the emergence of both polar and non-polar
domains in the intermediate N, region, as was also observed
elsewhere.”

3.3. Electrical measurements

A ferroelectric nematic (Ng) phase is characterized by the
presence of macroscopic spontaneous polarization (Pg). Here,
we examine the ferroelectric behavior of mixtures by using
a conventional technique of the reversal switching current.*?
An external electric field of suitable waveform (triangular),
generated from an Agilent 33120A signal generator and ampli-
fied using a high-voltage amplifier (TReK PZD700), was applied

This journal is © The Royal Society of Chemistry 2026

across the liquid crystal cell. The resulting current response
across a 1 kQ resistive load was monitored using a digital oscillo-
scope.

Fig. 6 shows the switching-current response of a 4 pm planar
cell under an applied triangular wave (V,,, = 24 V, f= 20 Hz) for (a)
WJ-16, (b) DIO, and (c) MIX 25 in the ferroelectric (Ng) and non-
ferroelectric (N) phases, respectively. The appearance of the
current reversal peak depends on the temperature, phase, and
the frequency of the applied voltage. No peak was observed at
higher frequencies (> 50 Hz). However, the peaks were observed at
lower frequencies, say, 20 Hz in the present case and below, and
only in the ferroelectric Ny phase of DIO and MIX 25. WJ-16 shows
no spontaneous polarization switching peak in the full tempera-
ture range, including the N and SmA phases, confirming that this
material does not have a ferroelectric phase. For DIO in the Ng
phase, a sharp, well-defined peak in the current transient confirms
the existence of spontaneous polarization, whereas in the N phase,
the absence of a current peak confirms the paraelectric behavior.

J. Mater. Chem. C, 2026, 14, 6808-6818 | 6811
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Fig. 5 The temperature dependence of birefringence (An) for MIX 10, MIX
25, and MIX 50 measured for a wavelength of 2 = 550 nm using a 9 pm
homogeneous planar-aligned cell. The experimental birefringence data
fitted to Haller's equation (dashed red line) for MIX 25 are shown as an
example of fit accuracy. The vertical dotted lines show the phase transi-
tions for MIX 25.

Table 2 Fit parameters of Haller's equation for the experimental birefrin-
gence data of the DIO + WJ-16 mixtures

System Ang B Tiso-N
DIO” 0.18 0.18 172.0
MIX 10 0.18 0.19 179.0
MIX 25 0.19 0.20 180.5
MIX 50 0.19 0.22 190.0
wJ16” 0.21 0.25 198.6

“ Values are taken from ref. 30. 2 From ref. 25.

All three binary mixtures show a transient response similar
to DIO. The response of the MIX 25 (Fig. 6(c)) is shown as an
example. The integral of the current peak gives the value of Ps
for MIX 25 to be 2.4 uC em ™2, compared to 4.4 uC cm™ 2 in DI1O."

3.4. Dielectric spectroscopy

3.4.1. Motivation and methodology. Dielectric spectro-
scopy is one of the most sensitive techniques for studying the
ferroelectric and other polar materials/phases. This was
successfully employed for the characterization of ferro-**7°/
antiferro-*”*® and ferri-electric*>*® liquid crystalline phases.
One of the most important material parameters of LCs is
the dielectric anisotropy, Ae, = Agj — Ae, which governs the
electro-optic switching and the Freedericksz transition.
To obtain the value of dielectric anisotropy, it is necessary to
measure the real values of the perpendicular component of
dielectric permittivity, A¢, in planar cells and parallel compo-
nents of dielectric permittivity, A¢;, in homeotropic cells. Di-
electric spectroscopy measurements over a frequency range of
0.01 Hz-10 MHz were made using a broadband alpha high
resolution dielectric analyzer (Novocontrol GmbH, Germany).
The commercial cells of 4 pm and 9 pm thicknesses with both
homeotropic and planar alignment were used. These commercial

6812 | J Mater. Chem. C, 2026, 14, 6808-6818
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cells use ITO electrodes with low sheet resistance (10 Q 07,
which moves the frequency of parasitic ITO peaks (arising from
the sheet resistance of ITO in series with the capacitance of the
cell) outside the measured frequency range. The measurements
were carried out under the application of a weak voltage of 0.1 V,
applied across the cell. The temperature of the sample is stabilized
to within + 0.05 °C.

3.4.2. Dielectric spectroscopy of homeotropic cells. Initi-

ally, the parallel component of dielectric permittivity (e’H> was

measured. The phase sequences of all three mixtures are
similar to DIO (Table 1); therefore, the dielectric spectroscopy
results for MIX 25 are presented as a typical example. Fig. 7
shows the temperature dependencies of the total dielectric
permittivity (i.e., real (¢') and imaginary (¢”) parts of complex
permittivity) for the 9 pum homeotropic cell of MIX 25.

Fig. 8(a) shows 2-D dielectric loss spectra at different tem-
peratures for the 3-D plot of dielectric loss shown in Fig. 7(b).
The dielectric spectra were analyzed using the Novocontrol
WINDETA program. The complex permittivity data were fitted
to the Havriliak-Negami equation, as given below, where the dc
conductivity [first term in eqn (3)] is also included:*!

io - Ag;

8*:——+800+Z

3
£ow B ()

=0 [1+ ()"

here, ¢* is the complex permittivity, and ¢, is the high-
frequency permittivity. The latter includes electronic and
atomic polarizabilities of the material. w is the angular fre-
quency of the probe field, &, is the permittivity of free space, ¢ is
the dc conductivity, t; is the relaxation time, Ag; is the dielectric
strength of the jth relaxation process, and o; and f; are the
corresponding symmetric and asymmetric broadening para-
meters of the distribution of relaxation times.

Fig. 8(b-d) are examples of the fitting of the dielectric loss
spectra to three relaxation processes at three different tempera-
tures: 80 °C, 52 °C, and 35 °C.

There are three relaxation processes observed in the dielectric
spectra of mixtures termed as P1-P3, with an increase in the
relaxation frequency. The dielectric spectra were fitted to eqn (3)
with fixed stretching parameters («, f§), and from the fitting, we
obtain f = 1 for all processes. The symmetric stretching parameter
o =1 for both processes P2 and P3, implying that these relaxation
processes are of pure Debye type. The symmetric stretching
parameter for process P1, o4, lies in the range of 0.65-0.90
depending on the temperature, implying that this is an ionic
mobility process rather than a molecular relaxation process.

Fig. 9 shows the temperature dependencies of the dielectric
strengths and relaxation frequencies of the three relaxation
processes, P1-P3, and their sum for a 9 pym homeotropic cell
deduced from the fitting of the dielectric spectra shown in
Fig. 7 and 8.

On examining Fig. 9(a), the temperature dependencies of
three relaxation strengths, P1-P3, are observed. The physical
nature/origin of the relaxation processes P1-P3 was defined in
ref. 25, 42 and 43. The lowest frequency relaxation process, P1,
is assigned to the space charge/interfacial polarization arising

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Switching-current response of a 4 um homogeneous planar-aligned indium tin oxide (ITO) cell under an applied triangular wave (V,, = 24 V,
f = 20 Hz) for (a) WJ-16, (b) DIO, and (c) MIX 25 in the ferroelectric (Ng) and non-ferroelectric (SmA, N) phases, respectively. The oscilloscope traces show
the input applied voltage (Vi, in mV; yellow color), and the output voltage measured across a 1 kQ resistive load (Vo, in mV; blue color) as a function of
time (in s), on the x-axis. The corresponding output current (in mA) is calculated from the measured load voltage using Ohm's law.

Fig. 7 Temperature dependence of the dielectric spectra of (a) permittivity ¢’ and (b) loss ¢’ measured in a 9 um MIX 25 homeotropic cell.

from the mobility of ions and, finally, charges accumulating on  process P1 (A¢;) increases exponentially on heating, which
the electrodes. The dielectric strength of the ionic relaxation appears as a straight line on the logy-axis (see the inset).
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(a) The frequency dependence of the imaginary part of permittivity (¢”) at different temperatures; analysis shown in (b—d) exhibits examples of

fitting of the imaginary part of permittivity to eqn (3) for different temperatures.

The temperature dependence of the dielectric strength of
the fastest relaxation process P3 (A¢;) is typical behavior for the
paraelectric-ferroelectric phase transition, similar to P2 in DIO.
The process P3 corresponds to the rotations around the short
molecular axis or the flip—flop mode, as reported in the
literature.””™** In the isotropic phase, it is purely an individual
relaxation process. On cooling to the nematic phase, it gradu-
ally transforms into a collective mode with increasing correla-
tion and finally, in the Nx phase, shows Curie-Wiess transition
to the ferroelectric phase, similar to P2 in DIO. The Nx phase,
originally observed in DIO, was found to be a density-modulated
antiferroelectric, SmZ, phase,* or just a “splay nematic’”’, Ng.*®
Since then, this Nx phase has been reported in a range of
additional compounds as well.**”*® Dielectrically, the Ny-Ng
phase transition is of the second order, while N-Ng is a first-
order phase transition.*’

The mid-frequency process P2 is very intriguing in nature.
This process exists in the entire temperature range and in all
phases. It also exhibits colossal permittivity CP (~4500) inde-
pendent of temperature. This is identical to the second relaxa-
tion process (P2) observed in the compound WJ-16,>® though
not observed in DIO. The physical nature of this process is still
unclear and is discussed later in this manuscript.
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3.4.3.
cular component of the dielectric permittivity (¢, ) was mea-

Dielectric spectroscopy of planar cells. The perpendi-

sured in 9 pum commercial planar cells, as shown in Fig. 10. The
obtained dielectric spectra were fitted to eqn (3), similar to the
homeotropic cells.

Fig. 11 shows the temperature dependencies of the sum of
the various dielectric strengths and the relaxation frequencies
of the two processes observed in a 9 pm commercial planar cell.
A comparison of Fig. 9(a) and 11(a) shows that the temperature
dependencies of the dielectric processes are very different.
Firstly, in contrast to the homeotropic cell, the ionic process
is not observed in the planar cell, and the other two processes
correspond to the processes P2-P3. Secondly, and most
importantly, the total dielectric strength of the planar cell is
independent of temperature or is limited by the combined
capacitance of the two alignment layers, similar to the argu-
ments put forward by the Boulder group.’

Recently, Clark et al. reported an effect of the insulating
alignment layers on the apparent/measured values of the
dielectric permittivity. It is noted that the apparent capacitance
Capp Of an LC cell is a combination of three capacitances
in series: the capacitance of the LC layer Cic, and the two
capacitances of the insulating alignment layers, C,;. Hence, the

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Temperature dependence of (a) the dielectric strength of different processes and their sum, and (b) relaxation frequencies of MIX 25 ina 9 um
homeotropic cell. The inset in (a) shows the same results but on the scale of the logy-axis.

Fig. 10 Temperature dependence of the dielectric spectra of (a) permittivity ¢’ and (b) loss ¢’ measured in a 9 um MIX 25 antiparallel rubbed planar

aligned cell.

Cic- Cu
Cic + Ca
ary case, i.e., having materials with low/moderate dielectric
permittivity, the capacitance of the LC cell is Cyc <« Cj,j, hence
the apparent capacitance is the capacitance of the LC cell,
Capp = Crc. This gives the real value of capacitance and
permittivity. However, in materials with very high dielectric
permittivity (¢ > 10 000), such as of the ferroelectric N phase, the
capacitance of the LC cell exceeds the capacitance of the align-
ment layer, C;c » Cy. In such a case, the apparent capacitance is
limited by the capacitance of the insulating layers, C,. We term it
as the “alignment layers limit”, C,pp < Cui. This means that the
apparent dielectric permittivity shows a weak temperature depen-
dence as can be observed in a planar cell; see Fig. 11(a). Therefore,
values of the capacitance/permittivity as observed are lower than
the real values, and hence these are limited by the capacitance of

total (apparent) capacitance is Cupp = . In the ordin-

This journal is © The Royal Society of Chemistry 2026

the alignment layers. However, the dielectric spectroscopy shows
two individual dielectric relaxation processes and a phase transi-
tion similar to that observed in a homeotropic cell. Another
important feature of this limit is the absence of the ionic relaxa-
tion process (process P1), because most of the applied voltage
is distributed along the alignment layers, and this screens the
voltage on the LC layer. Such a limit is also observed in other
high & materials such as the bent-core LCs’®*' and SPE
nematics.*

3.4.4. Discussion of the colossal permittivity mode. We now
direct our focus towards the mid-frequency relaxation process P2,
which exhibits a colossal value of permittivity (~4500), independent
of temperature, hereafter referred to as the ‘colossal permittivity
(CP) mode’. As mentioned before, this process exhibits intriguing
behavior, as it persists across the entire temperature range and
throughout all observed phases, including the isotropic phase.

J. Mater. Chem. C, 2026, 14, 6808-6818 | 6815
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Fig. 11 Temperature dependence of (a) dielectric strengths, and (b) relaxation frequencies of processes P2 and P3 for MIX 25 in a 9 um antiparallel

rubbed planar aligned cell.

This implies that process P2 is not a property of a particular
phase, but is a property of the total system. Such a CP mode in
the isotropic phase was also observed before and published in
several publications.*””*" The CP mode observed in ref. 51 is
temperature-independent and looks identical to the CP mode
observed in pure WJ-16>°> and in our WJ-16/DIO mixtures.
Unfortunately, the authors previously did not pay any specific
attention to this mode. In this section, we provide a compre-
hensive discussion and physical interpretation of this mode.
The CP-mode exists in a non-ferroelectric compound, WJ-16,
which exhibits colossal dielectric permittivity and was therefore
initially classified as superparaelectric or SPE.>> However,
based on the results obtained for the mixtures, the data points
to a more complex behavior, and hence, requires an update to
the above classification. Historically, the term paraelectric
refers to a non-ferroelectric phase that, upon cooling, exhibits
a transition to the ferroelectric phase described by the Curie-
Weiss law. Therefore, the materials without a ferroelectric
phase, including WJ-16, are simply ordinary dielectrics.
As shown in Fig. 9(a), in an ordinary nematic phase, we
observed two different relaxation modes: P2 and P3. Process
P3 is a paraelectric mode that follows the Curie-Weiss law and
relates to the classical paraelectric—ferroelectric transition.
The P2 mode exists rather independently along with the
paraelectric P3. Considering that this temperature-indepen-
dent mode exists both in SmA and in the isotropic phase as
well, it cannot be related to paraelectric and/or superpara-
electric modes. Therefore, strictly speaking, the P2 process
here is not in line with the SPE as it exists in a non-paraelectric
pure WJ-16.>° Taking into account the CP of P2, it can be
called superdielectric. However, this term is already reserved
as a working medium in supercapacitors, which might consist
of other mechanisms, different from P2, including the ionic
process. On considering that the behavior observed here is
not connected to a classical para- to ferroelectric transition
process, but the materials nevertheless exhibit colossal
permittivity (CP). In our view, the behavior is best described

6816 | J Mater. Chem. C, 2026, 14, 6808-6818

as a high-permittivity dielectric mode or, briefly and literally,
“HiPer dielectrics” or simply “hyper dielectrics”.

Let us now discuss the physical origin of P2. The colossal
or high dielectric permittivity reflects an extremely strong
collective correlation of molecular dipoles. In the solid SPE
materials, this arises from the well-aligned molecular
clusters.”® The dielectric permittivity depends on the size of
the ferroelectric-like domains or clusters. These are not only
temperature-dependent but also dependent on the size of the
sample. In other words, large values of the dielectric permittiv-
ity imply a dipolar orientation of the polar clusters over large
domains. Such a behavior is reported for some bent-core
LCs,”*”" which contain polar and ferroelectric cybotactic clus-
ters that, in turn, grow upon cooling. In pure WJ-16 and in its
mixtures, such clusters are not observed, and also the dielectric
strength is independent of temperature but linearly propor-
tional to the cell thickness.?® The linear dependence of dielec-
tric permittivity on the cell thickness is a property of the long-
range correlated LC systems, and it is well observed in the Ng
phase,® ' surface-stabilized ferroelectric SmC* phase®® and in
bent-core LCs.”® This implies that liquid crystals have a long-
range directional order, and the correlation length may, to
some extent, only be limited by the cell thickness. In such
systems, the molecular dynamics and the associated phason
mode can be modeled with boundary conditions at the electro-
des, which gives a linear dependence of dielectric strength on
the cell thickness.*"%*°

The dielectric permittivity of P2 is linearly dependent on the
cell thickness, and this implies certain similarity with those
long-range systems. The higher values of dielectric permittivity
can be explained using the classical approach suggested by
Kirkwood and Frohlich,>*°> where the static dielectric permit-
tivity, &g, in isotropic liquids is given as:

& ~ 1> (1 + zcosy) (4)

here, (cosy) is the average of the cosine angle between the
neighboring molecules, and z is the average number of the

This journal is © The Royal Society of Chemistry 2026
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interacting dipoles, also called the coordination number.
Assuming (Cosy) equals unity, the dielectric permittivity is
proportional to the square of the dipole moment and to the
correlation number, z plus one. Therefore, the CP of P2 in
WJ-16 can be well-explained by the long-range correlation of
molecular dipoles, i.e. very high or infinite z, even in the
isotropic phase. Such a high value of the correlation factor, in
turn, may be explained by an extremely large value of the dipole
moment. The precise physical-origin of the process observed
here is not yet clear and requires further investigations, but it
is, in our view, directly associated with the long-range nature of
dipole-dipole interactions of the molecules.

4. Conclusions

We investigated binary mixtures of the ferronematic LC DIO
with the recently reported non-ferroelectric compound WJ-16,
which shows colossal permittivity. We show data for three
mixtures with different concentrations of WJ-16, ranging from
10%, 25%, and 50% (w/w) in the host DIO. The prepared
mixtures were studied by optical methods, broadband dielectric
spectroscopy, and electrical switching. The results confirm the
presence of a low-temperature ferroelectric phase in all
the three mixtures, with a phase sequence similar to DIO.
Interestingly, the non-ferroelectric phases in mixtures exhibit
a CP mode, which is different from the pure DIO. This CP mode
was originally observed in WJ-16 and was initially termed
superparaelectric. However, the dielectric spectroscopy of the
mixtures exhibits two distinct relaxation processes: a typical
paraelectric response and an additional CP mode. Therefore, in
these mixtures, this CP mode cannot be identified as simply an
SPE mode and needs to be redefined as a hyper-dielectric
mode. This is the first direct demonstration of materials with
both ferroelectric and hyper-dielectric modes present in liquid
crystalline materials. Moreover, the high-dipole moment of the
constituent molecules of these LCs enable the exploration of
new condensed matter physics where the combination of
fluidity, self-assembly, and polarity of materials gives rise to
novel physical phenomena not observed previously in the solid-
state materials having colossal dielectric permittivity. In our
view, such materials exhibiting a hyper-dielectric mode have a
significantly large potential as a working medium for the
prospective supercapacitor industry.
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