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Ferroelectric liquid crystal (FLC) mixture with a low birefringence index (An <0.1) is developed. It consists
of a three-component achiral matrix, which contains two phenacyl esters and one Demus ester, and a
phenylpyrimidine derivative is used as a chiral dopant. The ferroelectric smectic C * phase of the mixture exists in
the temperature range from 18° C to 53° C. This mixture allows reducing of chromatic aberrations of ferroelectric
liquid crystal cells because of a weaker birefringence dispersion compared with the known ferroelectric liquid
crystals. The manufacturing technology of the electrooptical half~-wave light modulators based on the developed
mixture is much simpler than with the known FLCs, since the required thickness of the liquid crystal layer is
inversely proportional to the birefringence magnitude.
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Paspabomana ceenemosnexmpuyeckas HcuOKOKPUCMALIUYECKAS YeMbIPEXKOMNOHEHMHASL CMeCh ¢ HUSKUM
noxazamenem osyayuenpenromienus (An < 0,1), cocmoswas uz mpexxKoMNnOHEeHMHOU AXUPATbHOU MaAmpuybsl, 8
cocmas Komopou 6xo0sm 06a enayunosvix s¢pupa u s¢up Hemyca, a 6 kauecmee XupaibHou 000asKu
UCTIOIBL3YeMCsl OOHO U3 NPOU3B0OHBIX (enunnupumuouna. Cecnemosnekmpuueckas cmekmuyeckas C* ¢pasza cmecu
cywecmayem 6 memnepamyprom unmepsaie om 18 C 0o 53 °C. Dma cmecs no360/siem ROHU3UMb XPOMAMUYECKUE
abeppayuu 8 CecHemoINeKMpUYeCKUx JHCUOKOKPUCMALIUYECKUX Suelikax ecredcmaue Oonee caabou oucnepcuu
08Y1yYenpenomMieHus, 4em y U3BeCmHbIX 00 CUX Nop cecnemodekmpuueckux dcuokux kpucmainog (CKK).
Texnonoeusi U320MoOGLEHUS INEKMPOONNULECKUX NOTYBOIHOBHIX MOOYISMOPO8 C8eMa HA OCHO8E PA3PAOOMAHHOU
cmecu 2opazdo npouje, yem Ha ochose uzsecmuvix CIKK, nockonvky neobxooumas momyuna cios JcuoKoeo
Kpucmaiiia oopamHo nponopyuoHAIbHA Geudune 08y1y4enpeiomMIeHus.

Knrwouesvie cnosa: cecnemosnexmpuueckue dHcuokue Kpucmauivl, genayunogvie s¢hupsl, s3¢pup Hemyca,
nokazamens 08y1y4enpeiomMIeHus.

© Pozhidaev E. P., Torgova S. 1., Kesaev V. V., Barbashov V. A., 2018



32 JKuok. kpucm. u ux npaxmuy. ucnoaws. / Lig. Cryst. and their Appl., 2018, 18 (2)

Introduction

Nematic liquid crystal (NLC) materials with low
birefringence (An ~ 0.05-0.1) have been used in active-
matrix displays since 1984 [1]. The point is that with
decreasing of birefringence, a reduction in the
chromatic aberrations of the NLC based electro-optical
cells has been achieved [2-5]. The derivatives of
cyclohexyl-cyclohexanes, perfluorinated derivatives of
aromatic compounds and derivatives of trans-1,3-
dioxanes are usually used as components of NLC
materials with low birefringence [3].

However, there are no ferroelectric liquid
crystals within the listed classes of chemical
compounds, and therefore the physico-chemical
principles of the birefringence diminishing, which have
been justified for NLCs, hardly can be applied to FLCs.
And, as a matter of fact, the development of the original
physical and chemical basics of materials science of the
low birefringent (An < 0.1) FLCs has already begun
recently, since FLCs provide two or three orders of
magnitude faster response time compared with NLCs.
Up to now only few articles has been published
concerning the creation of FLCs with a low
birefringence [6, 7].

The FLC mixture with An = 0.062 [6] has been
developed at mixing of an achiral smectic matrix and a
chiral dopant. Achiral compounds are based on
phenylpyrimidine core with a trisiloxane terminated
decyloxy chain on one side and the alkoxy chain on the
opposite side. The chiral dopant is a similar compound,
just with chiral alkoxy chain on the opposite side.
Disadvantages of this mixture such as low spontaneous
polarization P, = 2.5 nC/cm?* and a very small tilt angle
0 of molecules in smectic layers (8 = 3 deg) hardly
allow to use it in electro-optical modulators.

The thing is that the light transmittance 7" of FLC
cells placed between crossed polarizers is defined, as it
was proven in [7], by the relationship:

T =sin’ 46’-sin27[(n%n")d, (1)

where n. and n, are extraordinary and ordinary
refractive indices, respectively, d is the FLC layer
thickness, and 4 is the wavelength of the incident light.
The maximum transmittance of the structure, according
to (1), is achieved at 6 = 22.5°, and with some critical
thickness of the FLC layer:
y A

= > (2)
A2 2An

which is called as the thickness of half-wave FLC plate.
Here, in (2), An = n. — n, is the birefringence index.

Obviously, at 0 = 3° T'< 4.3 % with any d and 4,
as it follows from (1). It is difficult to expect that an
electrooptical modulator with such a low light
transmittance can be useful in electro-optical devices.

The same problem with low light transmittance
arose when the authors [8] have developed a method for
obtaining a negative dispersion of the refractive index
for a material consisting of smectic layers and
monomeric molecules. As the FLC matrix the authors
used the commercially avaliable mixture FELIX 015-
100 (Clariant), and as a dopant, a mixture of reactive
monomers triallyl-1,3,5-triazine-2,4,6 and 1,6-
hexanediol diacrylate. As a by-product result, they
obtained the FLC material with An ~ 0.06, however, the
spontaneous polarization of the mixture did not exceed
2.5nC/cm?, and 0 = 2.5 deg.

Evidently, so small spontaneous polarization
results in protracted response time, which invalidates
advantages of ferroelectric liquid crystals compared
with NLCs. Moreover, very small tilt angle 6 = 2.5° —
3° of known [6, 8] low birefringent FLC mixtures
makes unreasonable their applications in commercial
photonic devices because of mentioned above low light
transmittance problem.

In our work we describe one of the possible
approaches to elaboration of ferroelectric liquid crystals
with the low birefringence, the tilt angle 0, which is
close to 22.5 degree, thereby ensuring an opportunity of
maximal light transmittance according to (1) and with
sufficiently high spontaneous polarization Ps. In
addition, we will try to provide an acceptable value for
the rotational viscosity 7, in order to achieve
minimization of the electro-optical response time T, in
accordance with the relation (3) given, for instance, in

[7].
T~Y,/ PE, 3)

where F is the electric field tension.

Typically, the birefringence of the FLCs is
between 0.15 and 0.25 [9], therefore, in order to satisfy
condition (2) at a wavelength of 540 nm (maximal
spectral sensitivity of the human eye), the thickness of
the half-wave FLC layer in the electro-optical cells
should be from 1.0 to 1.7 um. The fabrication of
electro-optical cells with such a small thickness of the
FLC layer is quite difficult task since dust particles up
to 2.5 um size always exist in the air as a result of
Brownian motion.
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The most significant purpose of our work is to
achieve a situation when the thickness of the half-wave
FLC plate due to the birefringence lowering will exceed
(according to ratio (2)) the maximal size of dust
particles that are permanently in the air. This will
greatly simplify the FLC cells manufacturing
technology, because dust particles that can penetrate
accidentally into the gap between the cells substrates
can not violate the uniformity of the gap and create an
electrical contact between the substrates of the cells.

Approach to elaboration of the low birefringent
mixtures

The simplest, the cheapest and the most effective
method for obtaining of FLC mixtures with desired
properties is the admixing of the chiral compound to the
achiral smectic C (SmC) matrix [10]. The first step is
development an achiral SmC matrix that has the
required properties, such as a phase transitions
sequence, rotational viscosity and the proper 6 angle.
The second stage consists in choosing a chiral dopant
that provides the required values of the spontaneous
polarization and the helix pitch [10]. In some cases,
chiral compounds, even being non-mesogenic, expand
the temperature range of the SmC* phase of the
mixture, or even induce it from the nematic matrix [11].
At the same time, a high concentration of chiral non-
mesogenic dopants in the mixture leads to suppression
of the smectic C* phase [12].

The same principles of FLC mixtures creation
mentioned above were also used in this work, with only
one limitation: all components of the mixtures should
have low birefringence. It was assumed that the
birefringence of the mixture would be approximately
proportional to the molar fraction of each component.

The birefringence of liquid crystals is determined
by their polarizability, which depends on the length of
the electronic chains of conjugation. The problem of
choosing of components with low birefringence is
reduced to the choice of compounds with saturated
bonds in the central fragments of molecules, other
words, to replacement of aromatic rings by the
cyclohexane ones or interruption of the conjugation
chains by introducing aliphatic spacers. Nowadays, the
absolute majority of known smectics compounds have
An > 0.14 [13]. In the database LiqCryst 5.1 among
14260 smectics 1506 compounds containing at least
one saturated ring were found but only one compound
containing exclusively aliphatic units without aromatic

rings [14]. This single compound demonstrates only
smectic E phase, which is difficult to use because of
very high viscosity. The SmC phase was found in
wholly aliphatic compounds, namely in the mixtures of
two steroids [15], however, in narrow ranges of
component concentrations and of phase existence
temperatures. Therefore, it is hardly possible to use of
steroids to create FLC with low birefringence.

The birefringence index of LC molecules
containing two conjugated aromatic rings is usually
about 0.15, while the non-conjugated single aromatic
ring corresponds to An in the range 0.07-0.08.
Therefore, in order to obtain FLC mixtures with a low
An, components consisting of two or more conjugated
aromatic or heteroaromatic rings should be excluded.

Phenacyl esters of cyclohexanecarboxylic acids
(PhE), which have been first described in [16] could be
promising as compounds for preparation of the low
birefringent FLC mixtures. This class of LC has a wide
range of SmC phase starting from 60—70 °C till 100 °C,
while An of cyclohexane containing phenacyl ester
does not exceed 0.1.

In addition to phenacyl esters, we have chosen
the ester of trans-4-butylcyclohexanecarboxylic acid
and p-ethoxyphenol, which is also known as Demus
ester [17]. This compound has only a nematic phase in
a wide range of temperatures, and An ~ 0.07-0.08. With
the selection of components mentioned above, the
problem was to suppress the nematic and to induce the
SmC phase in the mixtures over a wide temperature
range, while preserving low birefringence.

Techniques for preparation and investigations
of FLC cells

The FLC cells with homogeneous planar
alignment were fabricated using rubbed polyimide
PMDA-ODA [18, 19] as aligning layers that cover
indium tin oxide (ITO) layers deposited onto glass
substrates. The cell gap of assembled experimental cells
was formed with glassy spacers and then fixed by epoxy
glue. The cells were filled with FLCs in isotropic phase
by capillary action.

The phase transition temperatures were
determined using differential scanning calorimetry
(DSC) and polarization microscopy (POM), which also
allows doing micro-photos of liquid crystal textures.
For this purpose a polarizing microscope POLAM-P-
312 was used. Refractive indices n, and n. were
measured at wavelength A =1589.3 nm by Abbe
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refractometer, while the birefringence dispersion An(A)
was calculated through measured (by Ocean Optics
spectrometer) light transmittance spectrum of the FLC
cells placed between crossed polarizers.

Spontaneous polarization P was measured using
the field-reversal method [20], and rotational viscosity
Yo Wwas obtained from measurements of the
electrooptical response time and Ps, as it has been
grounded in [21].

Development of the low birefringent mixture

As an achiral matrix, three-component mixture
consisting of two phenacyl esters (I) and (II) and Demus
ester (I11) was developed:
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The  5-(2-fluorooctyloxy)-2-[2-fluoro-4-(nonyloxy)
phenyl]pyrimidine (IV) [22] was used as a chiral dopant
to obtain the desired values of the spontaneous
polarization and helix pitch.
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Binary mixtures of Demus ester (III) and
phenacyl ester (I) have been studied, and the phase
diagram of the mixtures was plotted (Fig. 1). The task
of these experiments was to find the eutectic mixture of
the compounds mentioned above. For each mixture,
refractive indices n, and n. were measured at the
wavelength of 589.3 nm. The disadvantage of phenacyl
ester (I) is the presence of the orthogonal smectic B
phase (SmB), see Fig. 1. The SmB phase is not electro-
optical, and therefore it was necessary to suppress it,

what was achieved in the eutectic mixture of the
components. Note, that An of the eutectic mixture is
equal to 0.092.
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Fig. 1. The phase diagram of the binary mixture of Demus
ester (IIT) and phenacyl ester (I)

However, the SmC phase is not observed in the
eutectic mixture. The phenacyl ester (II) was added to
the eutectic mixture to induce the SmC phase. Further,
a chiral fluorine-containing phenylpyrimidine (IV) was
added to the resulting three-component mixture as the
chiral dopant. Thus, a four-component FLC mixture
LDN-13 with An = 0.097 at A = 589.3 nm was
developed. Phase transitions sequence of the mixture at
heating from preliminary obtained solid crystalline state
is the next: Cr—'® “»SmC*—> C5SmA—-% C5ls,
while the crystallization at cooling from the SmC*
phase occurs at around 7 °C. So, chiral SmC* phase
with low birefringence exists within a rather broad
temperature range, including room temperatures.

Characterization of the low birefringent FLC
mixture LDN-13

The magnitude of An of the FLC LDN-13 is
approximately 1.5-2 times (dependently on wavelength)
lower compared with those FLCs, which were well known
before as typical ones, but as was earlier thought, with
quite low value An = 0.15-0.16 at A = 589.3 nm (see, for
instance, [9]). To illustrate this statement, which is one of
the main results of our work, Fig. 2, a shows a comparison
the birefringence dispersions for the just developed FLC
LDN-13 and for the long time known typical ferroelectric
liquid crystal FLC-224, which is well studied and
described in detail [9, 23, 24].
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We also note that the dependence An(A) for the
FLC LDN-13 is noticeably weaker than that for the
FLC-224 (Fig. 2, a). Because of this reason, as it
follows from the relation (1), the light transmittance
dependence on wavelength for the FLC cell based on
the FLC LDN-13 is fairly weaker than that one for the
FLC-224 (Fig. 2, b). This fact means a decrease in the
chromatic aberrations of the FLC cells if the
birefringence lowered and the dependence An()A)
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weakened. Dependence of chromatic aberrations of
FLC cells on An(A), which is illustrated by Fig. 2, is
simply a manifestation of the known from textbooks
(for instance, [25]) general property of any crystal-
optical structures but it is not an exceptional property
of FLCs at all. Figure 2 only illustrates the opportunities
achieved by the authors now for reducing the chromatic
aberrations of the FLC cells, using the material science
of ferroelectric liquid crystals as a tool.
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Fig. 2. a — Dispersions of birefringence of the FLC LDN-13 and the FLC-224 measured at T = 23 °C; b — light transmittance
spectra (normalized to the maximum ) of planar aligned FLC cells placed between crossed polarizers, with the LDN-13 layer
thickness 2.6 um, and the FLC-224 layer thickness 1.5 pm

The half-wave plate thickness d» (defined by the
eq. 2) of the LDN-13 layer obviously depends on
because

wavelength of incident light of the

birefringence dispersion (Fig. 2, a).
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Fig. 3. Light transmittance spectra of planar aligned FLC
cells placed between crossed polarizers, with the LDN-13
layer thickness 2.2 pm, 2.6 pm and 3.0 pm

Figure 3 allows rough estimating d,» as 2.2 um
for blue light, 2.6 um for green light and 3.0 um for
red light.

If ds» = 2.6 um then chromatic distortion of light
passing through the cell is less in comparison with
dy2 = 2.2 pum and di, = 3.0 um, as can be seen in
Fig. 3. Hence, the FLC cell with the LDN-13 layer
thickness dy» = 2.6 um provides the light transmission,
which is rather closest to achromatic one. Thus,
increase of the FLC layer thickness with providing of
almost achromatic transmittance of the FLC cells at
dy2 = 2.6 um, is the main result of material science of
low Dbirefringent ferroelectric liquid crystals in
framework of this paper. This result allows simplifying
the FLC cells manufacturing technology owing to
2.6 um half-wave plate of the FLC LDN-13, whose
thickness exceeds the maximal size of dust particles
(2.5 um) that always exist in the air.

At the same time, minimization of chromatic
distortion of the cells with the FLC-224 has been
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obtained by us, when the FLC layer thickness was about
1.5 um, see Fig. 2, b for a comparison. Thus, the reduction
in birefringence achieved by us in this work, which is
illustrated in Fig. 2, a, made it possible to increase the
thickness of the half-wave plate from 1.5 um to 2.6 um
while reducing the chromatic aberrations of the FLC cell,
as shown in Fig. 2, b.

Spontaneous polarization Py of the LDN-13
reaches 18 nC/cm?, as one can see in Fig. 4, a, while the
tilt angle 6 ~ 22.5 deg (Fig. 4, b). Thus, the listed
parameters are quite comparable with those for
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commercially available FLCs. At the same time, a
significant disadvantage of the mixture LDN-13 is a
rather high rotational viscosity y,, that increases up to
2.5 Poise at 20 °C (Fig. 4, b), which leads to a
significant (up to several hundred microseconds)
increase in the electrooptical response time with
temperature decreasing, see Fig. 4, a. A reason of so
high rotational viscosity is that the achiral matrix of the
mixture LDN-13 is composed of esters (I) — (III) but a
very high y, value is an inherent property of any
compounds belonging to chemical class of esters [26].
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Fig. 4. Temperature dependencies: a — of spontaneous polarization and electrooptical response time Ti099 at applied electric
field £ = 5.0 V/um; b — of the tilt angle and rotational viscosity. The measurements were performed on the FLC LDN-13

The helix pitch p, of the LDN-13 lies in the
middle infrared range of spectrum, and therefore the
helical structure can be observed in a polarizing
microscope (Fig. 5) even if the FLC layer thickness is
2 um — 5 um. The helix pitch can be estimated simply
from the micrograph of Fig. 5: p, = 2.5 um, which is
almost equal to the thickness of the half-wave plate. The
possibility of the existence of a helical structure in the
layer of a liquid crystal, whose thickness is comparable
with the helix pitch, was previously proven
experimentally [27] and theoretically [28]. Now we have
one more confirmation of this fact but the question arises:
what electro-optic effect is observed when p, = d ?

Obviously, the SSFLC effect [29] doesn’t exist
in this case because the condition p, = d contradicts to
the definition of this effect. The multistability effect
[30] was not observed also, since we have checked its
absence experimentally. Most likely, the electrically
suppressed helix (ESH) effect [31, 32] manifests in
electrooptical response, since the electric field

obviously suppresses the helical structure, which we
observe in polarizing microscope (Fig. 5). At the same
time, the characteristic electro-optical manifestations of
this effect, described in detail in [32], are not observed
in our experiments with the FLC LDN-13.

Fig. 5. Micro-photo of 5 um planar aligned LDN-13
layer placed between crossed polarizers. Size of the image
is 40x40 um
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Perhaps we are dealing with some special type of
electro-optic behavior for the case p, = d, which is not
described yet. This problem will be the subject of
further research in order to clarify details of the electro-
optical effect classification.

Conclusion

The reduction in birefringence of ferroelectric
liquid crystals (Fig. 2, a) achieved in this work due to
the material science approaches made it possible to
increase the thickness of the half-wave FLC plate from
1.5 um to 2.6 um, at simultaneous reducing the
chromatic aberrations of the FLC cell, as shown in
Fig. 2, b. Some basic parameters of the elaborated
ferroelectric liquid crystal material LDN-13, such as
spontaneous polarization P and the tilt angle 0 are
typical for commercially available ferroelectric liquid
crystals, and only the rotational viscosity v, is much
bigger (Fig. 4).

With this set of parameters, one can get the
electrooptical response time around several hundred
microseconds (Fig. 4, a), which is rather far from the
best dynamics of the FLCs electrooptical response. But
that is not surprising for one of the first steps in the field
of materials science of the low birefringent ferroelectric
liquid crystals.
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