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Design of new functional smectic liquid crystalline mixtures possessing polar behaviour remains quite
highlighted task as those materials are highly requested by industry for specific applications in photonics.
This work is devoted to specific practical method devoted to design of functional multicomponent ferro-
electric liquid crystalline (FLC) mixtures based on chiral components exhibiting the ferroelectric and
antiferroelectric polar order. The self-assembling behaviour, tilt angle, spontaneous polarization as well
as dielectric properties of the prepared mixtures have been studied and discussed. The three resulting
mixtures exhibit a broad range of the ferroelectric smectic phase, very low melting point, short helical
pitch (below 180 nm) and relatively high tilt angle (about 40 degree). Excellent chemical stability and
compatibility of components as well as moderate values of spontaneous polarization add another great
deal to these FLCs materials for application in deformed helix ferroelectric mode in photonics and opto-
electronics.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

It is difficult to overestimate the impact of the self-assembling
materials on advances of the modern science and technology [1,2].
Chiral liquid crystals (LC) represent a specific class of organic mate-
rials, built up from the rod-like molecules, exhibiting self-
orientation, which is possible to drive by an external stimulus like
electric or magnetic field, light irradiation, and by mechanical stress.
The presence of a polar layered ferroelectric or antiferroelectric
structure of nanometre dimensions, characteristic to chiral LC mate-
rials, supplies the source of functionality and specific physical prop-
erties [2]. Advanced molecular design of new chiral structures can
be a very influential and powerful tool to reach the properties de-
sired by specific applications in opto-electronics and photonics.
Specifically, the intermolecular interactions liable for the self-
assembling can be precisely adjusted by building up the molecules
from various units [3–9] or by design of binary/multicomponent
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mixtures [10–13] or preparation of new LC nanocomposite mate-
rials [14–17].

Ferroelectric liquid crystals (FLC) fascinated many researchers
all over the world for almost three last decades, in particular since
N.A. Clark and S.T. Lagerwall demonstrated in 1980 [18] the fast
switching electro-optical effect (SSFLC-Surface Stabilized Ferroelec-
tric Liquid Crystals) based on the properties related to ferroelectric
polar smectic structure. FLCs are very promising competitors of ne-
matic liquid crystals due to their faster response times with a rea-
sonably lower driving voltage. During recent years, FLC materials
are still extensively studied [5–9,12–13,19–22]. However, espe-
cially for photonic applications, the very important continuously
tuneable threshold-free phase shift is not offer by the SSFLC effect.
In this case, deformed helix ferroelectric (DHF) liquid crystals mode
is very promising because of tuneable, continuous and hysteresis-
free optical phase shift at low voltages and short response time
[23–31] either in transmission or in reflection mode [32]. The DHF
effect appears in chiral LC materials forming a helical structure.
The helix axis is parallel to the substrates' plane of electro-optical
cell and it is tilted after applying electric field E (which should be
lower than the critical field EC of the helix unwinding). The trans-
mission (T), switching time (τ) and critical electric field (EC),
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which characterize DHF mode, can be described by the following
equations [31]:

Th ¼ sin22 β � Δα Eð Þ½ � � sin2πdFLCΔneff λ; f ; Eð Þ
λ

ð1Þ

τ ¼ γφp
2
0
2 ð2Þ
K4π

EC ¼ π4 K
2 ð3Þ
4 PSp0

where: β is the angle between the polarizer and helix axis of the
ferroelectric phase; Δα denotes the shift of helical axis due to
electric field; Δneff is the effective birefringence and λ is the
wavelength; γφ is the rotation viscosity; K is the elastic constant,
po is the helical pitch length; Ps is the spontaneous polarization.
From Eqs. (1)-(3) it is clearly follow that one of the most impor-
tant material parameter (as it strongly affects τ and EC in DHF) is
the helical pitch length, which should be as low as possible (at
least below 200 nm). High tilt angle (ideally as close to 45° as
possible) promoting high transmission and a moderate spontane-
ous polarization (ideally within range 120–180 nC/cm2) are fur-
ther very important and required features. This is truly so as on
the one hand low values of spontaneous polarization results in
a strong decrease of contrast, and on the other hand high Ps
values cause the shortening of electric field range in which DHF
effect appears.

Recently, an alternative method [33] to obtain FLC materials
responding the requirements of DHF mode has been shown. It is
based on smart mixing of exclusively chiral compounds in a specific
proportion in which the competition and frustration between the
ferroelectric and antiferroelectric polar order exists and that in
turns is beneficial for obtaining V-shape electro-optical switching
[34,35] (important feature in DHF mode). Due to that we obtained
the best mixture (with acronym W-212B3A) with almost appropri-
ate properties but exhibiting also two specific disadvantages that
are still needed to be resolved. The first one is associated with a
possible instability that might occur in a mixture based on compo-
nents with different molecular structure. Another one is too high
values of spontaneous polarization which, according to Eq. (3), con-
siderably decrease the value of EC. Furthermore, our basic research
[3] confirms that two ring compounds with a very low melting
point and the absence of any liquid crystalline behaviour can effec-
tively decrease the helical pitch while mixing with FLC materials.
On the other hand, two ring compounds exhibiting the SmA*
phase cause unwinding of the helix in FLCs [3].

The main objective of this work is to achieve optimum effectiveness
of DHF effect by design of several new ferroelectric liquid crystallinemix-
tures, based on the method described above. The designed mixtures are
expected (i) to fulfil almost all material requirements for DHFmode and
(ii) to be consisted of structurally similar compounds that can cause the
required tunability of spontaneous polarization and helical pitch length
values.

2. Experimental

The phase transition sequence was determined from the textures
and their changes on planar cells (where the long axes of molecules
are oriented parallel to the substrates), using polarizing optical micro-
scope (Nikon Eclipse E600POL, Nikon, Tokyo, Japan). The planar cells
(AWAT company, Warsaw, Poland) in bookshelf geometry (where the
smectic molecular layers are oriented uniformly) for texture observa-
tions and electro-optical studiesweremade fromglasswith transparent
electrodes of indium tin-oxide (ITO) (5 × 5mm2), separated byMylar®
sheets defining the cell thickness (12 μm thick). The sample cells were
filled with the studied FLC mixtures in the isotropic phase by the capil-
lary action. The Linkam LTS E350 (Linkam, Tadworth, UK) heating/
cooling stage equipped with a TMS 93 temperature controller was
used, enabling temperature stabilization within ±0.1 °C. Dependencies
of phase transition temperatures uponmass fraction of components are
presented.

The measurements of the spontaneous polarization, tilt angle as
well as switching ON time (τ10–90) have been done on similar pla-
nar samples. Values of the spontaneous polarization, Ps, have been
determined from the current measurements with a triangular elec-
tric field switching at a frequency of 50 Hz and an applied electric
field magnitude of 20 V/μm. A specific software for automation of
the spontaneous polarization measurements has been developed
and used. Tilt angle, θs, has been determined optically under the ap-
plied d.c. electric field ±10 V/μm, by measuring the angular differ-
ence between the extinction positions of the unwound structures
under fields of opposite polarity. Values of the spontaneous polari-
zation, tilt angle and switching ON time have been measured on
cooling.

The helical pitch measurements were performed based on the se-
lective light reflection phenomenon. Before measurements, a thin
layer of orienting surfactant was applied on the glass plate to force
the required homeotropic alignment (perpendicular to the surface) of
themolecules of liquid crystal. Such slides were used to register a base-
line on a UV–Vis-NIR spectrophotometer (SHIMADZU 3600) in the
wavelength range 360–3000 nm. After baseline collection, the tested
mixtures were applied on the surface of the slide and the spectra
were recorded. The measurements were performed in a cooling
cycle. The spectrophotometer was equipped with a U7 MLW tempera-
ture controller. More details on helical pitch measurements can be
found in Ref. [36]. Helical pitch length, p, was calculated from the equa-
tion p = λS/2nav for the SmC* phase where λS is the wavelength of se-
lectively reflected light from periodic structure and nav is average
refractive index (the value of nav = 1.5 has been taken for calculation
according to Ref. [37]). Dependencies of helical pitch upon tempera-
ture are presented.

The helix handedness was measured by polarimetry method [38].
The homeotropically aligned sample was observed in transmission be-
tween crossed polarizers and the top polarizer was rotatedwith respect
to the bottom one. The analysis of the transmitted light was performed
by polarizing optical microscopy (POM). According to the convention
described in Ref. [39] a clockwise rotation of analyzer, in order to pro-
duce the darkest state (or minimum transmission state) when observa-
tion is made toward the coming beam, indicates a dextro or left-handed
helix and anticlockwise rotation indicates a levo or right-handed helix.
The temperature of the helix twist inversion was established by the
analysis of transmitted light versus temperature of a homeotropically
aligned sample observed in POM; the brightest texture indicates the
fully unwound structure [39].

The frequency dispersion of complex permittivity (ε* = ε′-iε″)
has been measured within the temperature range of the SmA* and
SmC* phases on cooling, using a Schlumberger 1260 impedance an-
alyzer in the frequency range of 1 Hz ÷1 MHz keeping the tempera-
ture stable during the frequency sweep within ±0.1 K. The
measurements have been performed under zero d.c. bias voltage.
The frequency dispersion data have been analysed using the general-
ized Cole-Cole formula for the frequency dependent complex per-
mittivity extended by the second term to eliminate the low
frequency contribution:

ε�−ε∞ ¼ Δε

1þ if = f rð Þ 1−αð Þ −i
σ

2πε0 f
n ð4Þ

where fr is the relaxation frequency, Δε is the dielectric strength, α is
the Cole-Cole distribution parameter, εο is the permittivity of the
vacuum and ε∞ is the high frequency permittivity, σ is the d.c. con-
ductivity and n is a parameter of fitting. The measured real, ε′(f),
and imaginary, ε″(f), parts of complex permittivity were fitted
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simultaneously using specific software “Scientist” from MicroMaths
Scientist Software Corporation. For selected representative mix-
tures, the dependencies of relaxation frequency and dielectric
strength upon temperature are presented.

3. Results and discussion

Here, the description of the multicomponent mixture design to-
gether with detailed characterization of the selected ferroelectric liquid
crystalline mixtures are presented. Specifically, the phase diagrams,
composition of the best mixtures, together with the spontaneous quan-
tities (namely the spontaneous polarization, tilt angle determined opti-
cally, helical pitch length) and dielectric properties for the functional
FLC mixtures are shown and discussed.

3.1. Mixture design and mesomorphic behaviour

The chemical formulae together with the mesophase sequences
and phase transition temperatures on heating cycle of original
pure chiral components used for design multicomponent mixtures
are presented in Table 1. The precise weight composition of the
resulting mixtures is also shown in Table 1. All components possess
the same chiral terminal chain; the non-chiral terminal chain differs
in number of carbon and fluorine atoms. Other differences are re-
lated to the structure of the rigid molecular core. All tested
Table 1
Chemical structures, phase transition sequences and temperatures (in heating cycle) [°C] of chira

No. Chemical structure and phase sequence of used compounds

1

CrII 80.7 °C CrI 98.9 °C SmC* 141.4 °C SmCα* 149.0 °C SmA* 184.0 °C Iso [40
2

CrII 94.3 °C CrI 97.9 °C SmC* 155.6 °C SmA* 184.6 °C Iso [40–42]
3

Cr 89.7 °C SmC* 133.6 °C SmCα* 134.8 °C SmA* 154.7 °C Iso [40–42]
4

Cr 60.0 °C SmA* 63.4 °C Iso [3]
5

Cr 82.2 °C SmA* 90.7 °C Iso [3]
6

Cr 36.2 °C Iso [3]
7

Cr 28.1 °C SmCA* 99.0 °C SmC* 101.0 °C Iso [43]
8

Cr 37.4 °C SmCA* 103.1 °C SmC* 104.3 °C SmA* 109.1 °C Iso [43]
compounds are chiral esters with biphenyl benzoate or phenyl
biphenylate, or benzoate rigid core; further tuning of the molecular
structure was reached by lateral substitution by fluorine atom at the
specific place in the rigid core. Tuning the concentration of those
structurally similar compounds with above mentioned fine differ-
ences in the molecular structure effectively allow us to adjust the
required features of resulted designed multicomponent mixture.
Sequence of phases and phase transition temperatures of resulted
multicomponent mixtures are presented and summarised in
Table 2.

3.2. Design and characterization of W-212C mixture

In Ref. [33] the ferroelectric W-212B mixture was presented. Its
composition is shown in Table 1. It consists of three three-ring es-
ters (compounds 1, 2 and 3) mixed in proper ratio (1:1:2), respec-
tively. This compounds provide a stable SmC* phase with very
high tilt angle value and short helical pitch. Two-ring compounds
4 and 5, forming the SmA* phase, are added as further functional
components in order to decrease the melting temperature of the
resulting mixture. This mixture was modified to obtain a material
useful for DHF electro-optic effect. The modifications of W-212B
mixture presented in Ref. [33] allowed us to decrease considerably
the helical pitch length but at the same time caused too strong in-
crease of the spontaneous polarization (above 180nC/cm2 below
l components used for design ofW-212B [33],W-212C,W-212C2 andW-212C3mixtures.

Mixtures acronyms

W-212B W-212C W-212C2 W-212C3

Concentration (wt%)

–42]

11.88 8.35 7.52 7.52

12.13 8.31 7.48 7.48

24.29 18.54 16.69 16.69

38.80 29.75 26.77 26.77

12.90

– 35.05 31.54 31.54

– – 10.00 5.25

– – – 4.75



Table 2
Sequence of phases and phase transition temperatures (on heating cycle) [°C] for W-212B
[33],W-212C, W-212C2 andW-212C3mixtures.

Mixture Cr T SmC* T SmA* T Iso

W-212B • 11.4 • 83.9 • 118.0 •
W-212C • b−10.0 • 61.8 • 97.0 •
W-212C2 • b−10.0 • 61.7 • 71.0 •
W-212C3 • b−10.0 • 64.4 • 74.7 •
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30 °C). This drawback of mixture W-212B motivated our present
studies looking for further improvements. The newly designed W-
212C mixture was formulated in such a way that compound 5 was
exchanged by a non-mesogenic compound 6, with much lower
melting point and a strong tendency to decrease helical pitch. Due
to that the SmA*-SmC* phase transition as well as melting point of
W-212C mixture is much lower than that of W-212B mixture. Fur-
thermore, and importantly, the helical pitch length has been de-
creased significantly for W-212C mixture in comparison to W-
212B as shown in Fig. 1a. The above mentioned results are very con-
sistent with our previous investigation of miscibility and helical pa-
rameters in binary LC systems [3]. Adding compound 6 to the base
compound (in this paper it is compound 1) results in a slight de-
crease of helical pitch value; the SmC* phase exists up to 0.4 mol
fraction of two-ring compound 6 in binary mixtures. Moderate
values of the spontaneous polarization (see Fig. 1b) as well as rela-
tively high values of the tilt angle (Fig. 1c) are additional important
advantages of W-212C mixture.
Fig. 1. Temperature dependence of: (a) the helical pitch length for multicomponent W-212B
optically for W212-C mixture. Sign “+” indicates the right handedness of the helix.
3.3. Fine tuning of the composition and behaviour of W-212C mixture

Based on results from our previous work [33], compound 7 and
eutectic mixture of compound 7 and 8 (denoted as W-1000) were
chosen for fine tuning of the behaviour of W-212C mixture.

Two systems, namely W-212C + compound 7 as well as W-212C
+ W-1000, were prepared in order to obtain a proper composition
possessing the frustrated ferroelectric phase [34,35]; this has been
done analogically to our previous work [33]. Phase diagrams of those
systems are shown in Fig. 2.

Developed several years ago,W-1000mixture is eutectic, bicom-
ponent mixture containing two antiferroelectric compounds (de-
noted here as 7 and 8), which possesses on heating the following
mesophase sequence: Cr-SmCA*-SmC*-SmA*-Iso. This mixture is
quite highlighted as it exhibits typical orthoconic behaviour which
was established recently [44–47]. Whereas W-212C mixture is com-
posed from different compounds, namely 1–4 and 6, as well as it has
a similar phase sequence: Cr-SmC*-SmA*-Iso; the antiferroelectric
phase is absent. The stability of antiferroelectric phase in system
W-212C + W-1000 is very high (see Fig. 2b) and the destabilization
occurs at a very low mass fraction of W-1000 mixture. System con-
taining up to 0.85 mass fraction of W-212C mixture still exhibits the
antiferroelectric phase at low temperatures. Mixture composition
0.1 + 0.9 mass fraction, for W-1000 and W-212C, respectively,
forms the frustrated SmC* phase. InW-212C+ Compound 7 system,
the stability of the SmCA* phase is comparable to the mentioned
case (see Fig. 2a). Taking into account the predictions (specifically
due to W-1000 mixture that contains 52.5 wt% of compound 7)
only mixtures containing up to 0.4 mass fraction of compound 7 in
[33] and W-212C mixtures; (b) spontaneous polarization and (c) tilt angle determined



Fig. 2. Phase diagrams for two systems: (a)W-212C+ compound 7 and (b)W-212C+W-
1000. Vertical arrows indicate the specific composition for the resultingW-212C2 andW-
212C3 mixtures.
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W-212C mixture were prepared. Antiferroelectric phase appears
above 0.15 mass fraction of compound 7 in W-212C mixture. Simi-
larly, as for the previous system, mixture with 0.1 mass fraction of
compound 7 in W-212C mixture possesses only the SmC* phase
with the broadest temperature range. In comparison to the multi-
component mixtures from W-212B series [33], a replacement of
one component, which formed the SmA* phase, by another compo-
nent which does not exhibit any LC behaviour will allow to stabilise
the antiferroelectric SmCA* phase in a much broader concentration
range.

The results of helical pitch measurements as a function of
temperature and of the temperature relative to the SmC*-
SmCA* phase transition obtained for W-212C + compound 7
and W-212C + W-1000 systems are given in Fig. 3a and b as
well as in Fig. 4a and b, respectively. In order to compare helical
pitch values in the ferroelectric phase, the enlarged areas of the
results are shown in Fig. 3c and 4c for both systems.

Compound 7 is characterized by the presence of right-handed
helix in SmC* phase, while in the SmCA* phase, right and left hand-
edness were observed at the lower and the higher temperature
range, respectively (see Fig. 3a). The temperature of helix twist
sense inversion of pure compound 7 is equal to 52 °C. The multi-
component W-212C mixture forms only right-handed helix in the
entire temperature range of SmC* phase. Increasing the quantity
of compound 7 in W-212C mixture causes substantial decrease of
helical pitch value for left-handed helix in the SmCA* phase (see
Fig. 3a and b). Macroscopic helical structure in the synclinic
ferroelectric phase was determined to be right-handed for all mix-
tures. The lowest value of helical pitch in a broad temperature
range was found for W\\212C mixture containing 0.1 mass fraction
of compound 7. However, W-212C mixture possesses the shortest
helical pitch below room temperature.

The W-1000 mixture consists 52.5 wt% of compound 7, therefore
its dependence of helical pitch upon temperature is similar: right
handedness at low temperature and left handedness at higher tem-
perature range of the SmCA* phase (see Fig. 4a). Mixtures from sys-
tem W-212C + W-1000 with 0.15–0.8 mass fractions of W-1000
mixture are characterized by the presence of right-handed helix in
the SmC* phase and left-handed helix in the SmCA* phase. The tem-
peratures of helix twist sense inversion of W-1000 mixture as well
as of W-212C with 0.8 mass fractions of W-1000 mixture are equal
to 52 °C and 23 °C, respectively. An increase of W-1000 mixture
concentration in W-212C mixture causes the appearance of SmCA*
phase (for 0.15 mass fraction) and considerable increase of helical
pitch for left-handed helix in this phase (see Fig. 4a and b). The he-
lical structure in the ferroelectric phase was found to be right-
handed for all compositions. Both the base W-212C mixture and
the W-212C mixture containing 0.1 mass fraction of W-1000 mix-
ture exhibit the lowest nano-scale values of helical pitch (about
140 nm below room temperature).
3.4. Advanced characterization of resulting W-212C2 and W-212C3
mixtures

Base W-212C mixture and mixture in which the frustrated fer-
roelectric phase exists (W-212C2 and W-212C3, marked in red on
phase diagrams in Fig. 2a and b, respectively) were chosen for
further investigations. Those mixtures possess a quite low melting
point (below -10 °C), relatively broad temperature range of the
ferroelectric phase (more than 70 degree) and reasonable tem-
perature range of the paraelectric SmA* phase above the SmC*
phase.

Temperature dependence of helical pitch length for W-212C, W-
212C2 and W-212C3 mixtures are shown in Fig. 5 within the SmC*
phase. When pure compound 7, which forms left- and right-handed
antiferroelectric phase, is added to the multicomponent ferroelec-
tric W-212C mixture, then the value of helical pitch is decreased
in higher temperature region (above 29 °C) and increased in
lower temperature region in comparison to values of helical pitch
for W-212C mixture (see W-212C2 in Fig. 5). Interestingly, when
two compounds 7 and 8 (components of mixture W-1000) are
added to W-212C mixture, only a slight increase in the length of
the helical pitch in low temperature region is observed (see W-
212C3 in Fig. 5). The value of helical pitch length is lower than
180 nm for all designed mixtures, although the dependence is
slightly growing with temperature. As the values of helical pitch
length for W-212C2 mixture are the highest from all three investi-
gated mixtures, further studies were performed for W-212C and
W-212C3 mixtures only.

The temperature dependence of the spontaneous polarization Ps
(T) and tilt angle θs (T) for W-212C and W-212C3 mixtures have
been measured and are presented in Fig. 6 and Fig. 7, respectively.

The lowest value of spontaneous polarization was detected for the
baseW-212Cmixture, which contains the highest quantity of ferroelec-
tric compounds; componentswith antiferroelectric phase are absent for
this mixture (see Table 1). On the other hand, antiferroelectric compo-
nents of W-1000 mixture caused slightly faster saturation of the tilt
angle values (about 40 degree) with temperature decrease in W-
212C3 mixture (Fig. 7).

The temperature dependence of the rotational viscosity γφ was
evaluated from the measurements of the switching ON time
(τ10–90) while driving with a square driving pulse at saturated



Fig. 3.Dependence of helical pitch length versus temperature (a) and versus temperature relative to the SmC*-SmCA*phase transition (b) forW212C+ compound 7 system. Enlarged area
of the helical pitch's temperature dependence within the SmC* phase is shown in (c). Arrows of the corresponding colour indicate the temperatures at which the helix became fully
unwounded. The sense of the helical twist is indicated by “+” for the right-handed helix and by “–“for the left-handed helix.
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voltage (Fig. 8a, b). It was calculated using semiempirical formula
[48]:

γφ ¼ 1
1;8

PSEτ10−90 ð5Þ

where: E = U/d, U denotes the applied voltage, d stands for the cell
gap.

Mixture W212C and W212C3 are characterized by switching On
time a little above 100us around room temperature, as it is clear
visible in Fig. 9a. What is more important for switching times in
DHF mode according to the Eq. (2), both investigated mixtures ex-
hibit rotational viscosity in the range 1–1.8 Pa-second. Such values
are two times higher than for the newest materials used in DHFLC
[31]. However, mixtures W212C and W212C3 exhibit melting
points much lower than described in [31].

Broadband dielectric spectroscopy was done on two resulting
mixtures, namely for W212C and W212C3. The real, ε′, and imagi-
nary parts, ε″, of complex permittivity for W212C mixture versus
temperature and versus frequency are presented in Fig. 9a and b
as an illustrative result to confirm the ferroelectric character of
the polar phase. Dielectric spectra obtained within the whole tem-
perature range of the ferroelectric SmC* phase at zero bias electric
field reveal a strong contribution of the Goldstone mode (the relax-
ation mode related to azimuthal fluctuations of the molecules in
the smectic layer). In the vicinity of the SmA*–SmC* phase
transition, a collective mode related to the molecular fluctuations
in the tilt magnitude, the so-called soft mode, was detected. The
measured data were fitted by the Cole-Cole formula (Eq. (4)) for
the frequency-dependent complex permittivity. The temperature
dependence of the fitted relaxation frequency, f(T), and the dielec-
tric increment, Δε(T), are shown in Fig. 10a and b for the whole
temperature range of the SmA* and SmC* phases. This behaviour
fully confirms the ferroelectric character of the SmC* phase de-
tected for the tested mixtures. The relaxation frequency of the
mode is slightly decreasing with temperature decrease, while the
dielectric strength is continuously decreasing until the
crystallisation occurs. This is quite typical behaviour of the Gold-
stone mode at the ferroelectric SmC* phase [5,7,9]. Detailed discus-
sion on the specific behaviour of all detected modes, revealed by
the broad-band dielectric spectroscopy, with respect to the mixture
composition is beyond the scope of the present work and will be
presented elsewhere.

4. Conclusions

Three multicomponent mixtures with broad range of the ferro-
electric smectic phase, very low melting point, nano-scale helical
pitch below 180 nm, high tilt angle and moderate spontaneous po-
larization have been designed. One of the resulted mixtures is based
on compounds possessing the ferroelectric SmC* phase, the orthog-
onal SmA* phase or without mesophases. Two other mixtures have



Fig. 4.Dependence of helical pitch length versus temperature (a) and versus temperature relative to the SmC*-SmCA* phase transition (b) forW-212C+W-1000mixture system. Enlarged
area of temperature dependence of helical pitch in the SmC* phase is shown in (c). Arrows of the corresponding colour indicate the temperatures at which the helix became fully
unwounded. The sense of the helical twist is indicated by “+” for the right-handed helix and by “–“for the left-handed helix.
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been developed using the method in which the frustrated ferroelec-
tric phase has been obtained. Such approach gives opportunity to
tune the specific features of final mixture by changing the concen-
tration and the type of mixing components as well as unite and
even enhance the ferroelectric and antiferroelectric properties of
Fig. 5. Temperature dependence of helical pitch length for W-212C, W-212C2 and W-
212C3 mixtures as indicated. Sign “+” indicates the right-handedness of the helix.
the used components. Furthermore, some mixtures from two de-
signed binary systems (W212C + W1000 and W-212C + com-
pound 7) possess antiferroelectric phase with a very short and
simultaneously temperature independent helical pitch that make
them potentially useful for deformed helix antiferroelectric liquid
Fig. 6. Temperature dependence of the spontaneous polarization, Ps, for W-212C and W-
212C3 mixtures.



Fig. 7. Temperature dependence of the tilt angle, θs, measured optically forW-212C and
W-212C3mixtures.
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crystal (DHAFLC) effect, recently shown by Pozhidaev et al. [49].
Taking into account basic necessities, the designed mixtures ful-
filled almost all material requirements for DHF mode, including
Fig. 8. Temperature dependence of (a) the switching ON time and (b) the rotational
viscosity forW212C andW212C3mixtures as indicated.

Fig. 9. 3D-plots of real ε′ part (a) and imaginary, ε″, part (b) of complex permittivity at zero
bias electric field measured on a 12 μm thick sample cell for W212C mixture within the
temperature range of the paraelectric SmA* and the ferroelectric SmC* phases.
not too high spontaneous polarization, good chemical stability,
due to the absence of the ester group in achiral terminal chain,
and compatibility of components, which were the major disadvan-
tages of previously reported W-212B3A mixture [33]. However,
they exhibit two times higher rotational viscosity but also much
lower melting point than the last reported materials for DHF
mode [31]. So, that means they can work slower but at lower tem-
peratures. Further work is now underway to investigate in details
the electro-optic response of developed mixtures in DHF mode. It
is possible to conclude that excellent chemical stability and compat-
ibility of components as well as moderate values of spontaneous
polarization adds another great deal to these FLCs mixtures for ap-
plication in opto-electronics and photonics.
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