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We report the development of chiral smectic C* (SmC*) ferroelectric materials with a short helix pitch
Po < 150 nm obtained by mixing a nematic liquid crystal (NLC) and chiral non-mesogenic dopants. Chiral
dopants are optically active lactates based on terphenyldicarboxylic acid, and the NLC is a binary eutectic
mixture of phenyl- and biphenylpyrimidines. The appearance of the SmC* phase in mixtures was confirmed by
dielectric, optical and electro-optical measurements. The proposed method for the elaboration of smectic C*
material makes it possible to create innovative electro-optical media that combine the mechanical stability of
NLC and a high switching frequency of ferroelectric liquid crystals. The high twisting power of chiral lactates in
the developed nematic matrix made it possible to obtain a satisfactory optical quality of induced SmC* in electro-
optical cells that can efficiently operate up to frequency of 3 kHz.
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CMEKTHUYECKASA C* CETHETOQJIEKTPUYECKASA ®A3A C CYBBOJIHOBBIM HIAI'OM
CIIMPAJIM, UHAYIIMPOBAHHASI B HEMATHYECKOM KUJIKOM KPUCTAJIJIE
XHUPAJIBHBIMHW HEME3OI'EHHBIMHU JTOBABKAMMUN
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Mout coobwaem o paspabomrke xupanvivix cmexmuueckux C* (SmC*) cecnemoanexmpuueckux mamepuanos
¢ Kopomkum wazom cnupaiu po < 150 HM, ROIYYEHHbIX NymMeM CMEWUBAHUS HEMAMUYecKo20 IHCUOKO20
kpucmanna (H)XKK) u xupaneHvlx HemesoceHHbIX coeOuHenull. XupaibHvle 000a6KU Npedcmagisaiom coboi
onmuyecku axKmueHvle 1aKmamsl HA OCHOGe mepdenunoukapoonogoi kuciomsl, a HXKK sensemca ounaprou
I6MEKMUUECKOU CMeChbIo (eHun- u OugeHunnupumuounos. Bosnuxnosenue SMC* gaszvl 6 cmecsx noomeeparcoeno
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OUDNIEKIMPUYECKUMU, ONMUYECKUMU U DNIeKMpoonmuyeckumu uzmepenuamu. Ilpeoraeaemulii cnocod nonyuenus
cmexmuyeckux  C*  mamepuanog nosgoasiem co30a8amv  UHHOBAYUOHHbIE IAEKMPOORMUYECKUe Cpeobl,
couemarowue mexanudeckyro ycmouuusocmo HKK u 6bicoKyto yacmomy nepexiouenus ce2HemoIaneKmpuiecKux
HCUOKUX KPUCMAANos. Bwvicokas 3akpyuugarouyas cnocoOHOCMb XUPATbHBIX JAKMAmMos 6 paspadomaHHou
HeMamuyeckou mampuye no3804Uld NOIYYUMb YOOBIEMBOPUMENTbHOE ONMUYECKOe KAYeCmB8o UHOYYUPOBAHHBIX
cemexmuxog C* @ anexmpoonmuyeckux Suetikax, Komopvie Mo2ym sghpekmusHo pabomams Ha yacmomax 0o 3 kl'y.

Knwueevie cnoea: ceznemoafzekmpulteCKuzZ HCUOKULL Kpucmaill, XupdailbHble 0066167%1, Hemamu4deckas

mampuya, wae cnupaiu.

Introduction

Smectic C* ferroelectric liquid crystals (FLC's)
attract attention of scientists and engineers due to their
potential usage in fast display and photonic devices for
different applications, operating in the microsecond
range [1-3]. The simplest method to create FLC
compositions with the requested properties is to add a
chiral dopant into a non-chiral smectic C matrix [4, 5].
It is necessary to elaborate a smectic C matrix with the
required properties, such as the relevant phase
transitions sequence, low rotational viscosity, and
appropriate molecular tilt angle. Finally, it is necessary
to choose a chiral dopant that provides acceptable
values of the spontaneous polarization and the helix
pitch of the mixture [6]. For the first time we have
induced a chiral smectic C* phase by adding a non-
mesogenic chiral dopant — the diester of optical active
2-heptanol and terphenyldicarboxylic acid to the
nematic  liquid crystal (NLC) 5-hexyl-2-[4-
(octyloxy)phenyl]-pyrimidine [7]. The smectic C*
obtained in such a way can flow, allowing to restore
the ferroelectric liquid crystal layer structure in
electro-optical cells after the action of mechanical
stress, as it happens with the cells filled with NLC.
The material developed in [7] can operate only in the
surface stabilized ferroelectric liquid crystal (SSFLC)
mode since its helix pitch po> 1 um.

The main task of this work is the elaboration of
the FLC material with a short (sub-wavelength) helix
pitch following the procedure described above. Such
FLC materials are suitable for using in deformed helix
ferroelectric (DHF) electrooptical mode [8], which is
favorable for the following applications: field
sequential color (FSC) displays [9-11], generation of
axial-symmetric vortex light fields [12], light
polarization modulation [13, 14], switching of fiber-
optic communication channels [15].

Experimental

Elaboration of the sub-wavelength helix pitch
ferroelectric smectic C*

As an achiral nematic matrix, two-component
mixture consisting of 2-(4'-heptylbiphenyl-4-yl)-5-
octyl-pyrimidine (1), (BPP-87) [16] and 5-hexyl-2-[4-
(octyloxy)phenyl]pyrimidine (I1), (PP-608) (commer-
cial available material) was developed:
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The phase diagram of the mixture is presented on the
Fig. 1.
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Fig. 1. Phase diagram of the mixtures of pyrimidines (1) and

(I1). The eutectic mixture of nematic phase is at 20 mol. %

of compound BBP-87 and 80 mol. % of compound
PP-608
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Transition temperatures were detected using a Mettler-
Toledo FP-5 thermo-stage apparatus (Greifensee,
Switzerland) with a polarising Leitz microscope
(Wetzlar, Germany) and via differential scanning
calorimetry (DSC) by means of Perkin-Elmer DSC-7
(Waltham, Massachusetts, USA).

Esters of p-terphenyldicarboxylic acid and (S)-
alkan-2-yl-(S)-2-hydroxypropanoates, first described
in [17, 18] were chosen as chiral compounds of the
smectic C* mixtures. In contrast to the synthesis used
in the patent [18], chiral dopants were synthesized in
this work according to the following scheme:

\‘)Cf\ OH  TsOH-H,0 Q J\
oH * - ﬁ)\o R
R/K benzene
OH An OH
R = Hex 1a: R = Hex, 75%
R = Hept 1b: R = Hept, 64%

[e) [¢]] pyridine
Cl ¢} A,9h

o Mo
Das
MO0
—O0 o)
o)
R4< o)

2a: R = Hex, 33%
2b: R = Hept, 34%

NMR spectra were acquired on Bruker Avance 600
MHz spectrometer at room temperature. High
resolution and accurate mass measurements were
carried out using Thermo Scientific LTQ Orbitrap XL
mass  spectrometers.  Analytical thin  layer
chromatography (TLC) was carried out with silica gel
plates (silica gel 60, F254, supported on aluminium)
and visualized with UV lamp (254 nm). Column
chromatography was performed on silica gel 60 (230—
400 mesh).

L-(+)-Lactic acid (85 % aqueous solution), (2S)-octan-
2-ol, (2S)-nonan-2-ol, p-terphenyl-4,4"-dicarboxylic
acid are commercially available materials. 1,1:4',1"-
Terphenyl-4,4"-dicarbonyl dichloride was obtained
from p-terphenyl-4,4"-dicarboxylic acid according to
the procedure, described in [19].

(1S)-1-Methylheptyl (2S)-2-hydroxypropanoate (1a)

A mixture of L-(+)-lactic acid (85 %
aqueous solution) (ca. 1.54 g,
14.52 mmol), (2S)-octan-2-ol (1.89 g,
14.52 mmol) and p-toluenesulfonic
acid monohydrate (276 mg, 1.45 mmol, 10 mol. %) in
benzene (60 mL) was heated under reflux with 20-mL
Dean-Stark trap for 4 h. Reaction mixture was allowed
to cool to ambient temperature and concentrated under
reduced pressure. The product la was purified by
column chromatography on silica gel (eluent
petroleum ether — ethyl acetate 5:1).

Yield 2.20 g (75 %); colorless oil.

HRMS (ESI) m/z: [M — H] Calculated for C11H2105"
201.1496; Found 201.1494.

O

%O%SHQ

OH

(1S)-1-Methyloctyl(2S)-2-hydroxypropanoate (1b)

The substance 1b was synthesized
similar to la described above. A
mixture of L-(+)-lactic acid (85 %
aqueous solution) (ca. 370 mg,
3.47 mmol), (2S)-nonan-2-ol (500 mg, 3.47 mmol)
and p-toluenesulfonic acid monohydrate (67 mg,
0.35 mmol, 10 mol. %) were taken into the reaction.
The product 1b was purified by column
chromatography on silica gel (eluent petroleum ether —
ethyl acetate 5:1). Yield 480 mg (64 %); colorless oil.
HRMS (ESI) m/z: [M — H] Calculated for Ci2H3303
215.1653; Found 215.1650. The chemical structure
and purity of the substances 1a and 1b were confirmed
by 'H NMR and **C NMR spectoscopy.

0]
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Bis[(1S)-1-methyl-2-{[ (1S)-1-methylheptyl]oxy}-2-
oxoethyl] 1,1":4',1"-terphenyl-4,4"-dicarboxylate (2a)

0, stHm
D
OO0~
—o 0
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To a refluxed solution of 1,1:4'1"-terphenyl-4,4"-
dicarbonyl dichloride (1.50 g, 4.22 mmol) in dry
toluene (50 mL) the solution of (1S)-1-methylheptyl
(25)-2-hydroxypropanoate (2.13 g, 10.53 mmol) in
toluene (20 mL) and dry pyridine (5.4 ml) was added
dropwise sequentially. The resulting mixture was
heated under reflux for 9 h. After cooling to the
ambient temperature, the precipitate was filtered off
and washed with ethyl acetate (20 mL).
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The resulting filtrate was concentrated under reduced
pressure. The residue was subjected to column
chromatography on silica gel (eluent petroleum ether —
ethyl acetate 5:1). The eluate was concentrated under
reduced pressure. The subsequent recrystallization
from petroleum ether afforded the desired product 2a
as white crystals. Yield 943 mg (33 %).

HRMS (ESI) m/z: [M + H]" Calculated for C4,Hss0s"
687.3891; Found 687.3888.

Melting point detected by microscopy is 92.4-93.0 °C.
Melting point detected via DCS is 91.86 °C, melting
heat is J/g = 44.08

Bis[(1S)-1-methyl-2-{[(1S)-1-methyloctyl]oxy}-2-
oxoethyl] 1,1':4',1"-terphenyl-4,4"-dicarboxylate (2b)

0 }C7H15
)
—0 o]

0
C7H15{ o)

The substance 2b was synthesized similar to 2a
described above. To a refluxed solution of 1,1:4'1"-
terphenyl-4,4"-dicarbonyl  dichloride (298 mg,
0.84 mmol) in dry toluene (10 mL) the solution of
(1S)-1-methyloctyl (2S)-2-hydroxypropanoate (416 mg,
1.93 mmol) in toluene (5 mL) and dry pyridine
(2.0 ml) was added dropwise sequentially, etc. The
subsequent recrystallization from petroleum ether
afforded the desired product 2b as white crystals.
Yield 206 mg (34 %).

HRMS (ESI) m/z: [M + H]" Calculated for CsHsoOs"
715.4204; Found 715.4213.

The chemical structure and purity of the substances 2a
and 2b were confirmed by *H NMR and *C NMR
spectoscopy. Melting point detected by microscopy is
91.5-92.3 °C. Melting point detected via DCS is
90.79 °C, melting heat is J/g = 68.32.

Technigues for preparation and investigations
of SmC* cells

The FLC cells with homogeneous planar
alignment were fabricated using rubbed polyimide
PMDA-ODA [20, 21] 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.

Measurements of the helix pitch were
performed with the «cells that were aligned
homeotropically (the helix axes of the mixtures in
SmC* phase were aligned perpendicular to the
substrates). The homeotropic alignment of the
mixtures has been accomplished by spin-coating glass
plates with 40-nm-thick layer of stearic acid chromium
salt followed by heating at temperature 100 °C for
10 min [22]. The helix pitch was measured due to
angular dependence of selective reflection from the
SmC* phase [23].

Phase transition temperatures were determined
using differential scanning calorimetry (DSC) and
polarizing microscopy (POM), which also allows to
take micro-photographs of liquid crystal textures. For
this purpose, a polarizing microscope POLAM-P-312
was used.

Spontaneous polarization Ps was measured
using the field-reversal method [24], and rotational
viscosity y, was evaluated from the measurements of
the electrooptical response time and Ps, as it has been
reported in [25].

Results and discussion

A variety of mixtures have been developed
containing a binary eutectic nematic matrix (ENLC)
and the synthesized chiral dopants of various
concentrations. All such mixtures, which have been
used to construct the phase diagram at mixing of
ENLC with (2a) or (2b) compounds (Fig. 2), were
investigated by DSC, POM, dielectric and electro-
optical methods.
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Fig. 2. Phase diagram of the ENLC matrix and chiral dopant
2b mixtures, obtained at heating from the crystal phase
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The phase diagram shows that at the dopant 2b
concentration of 3.2 mol. % the eutectic mixture exists
and the enantiotropic smectic C* is induced at the
temperature higher than 22.3 °C. At the dopant 2a
the phase diagram is very similar, but the eutectic
mixture occurs when the concentration of 2a equals to
9.1 mol. %.

Evidently, at concentrations of the chiral dopant
2b different from the eutectic one, there is a wide
temperature range of the two-phase region Cr + SmC*
(Fig. 2). However, when mixtures are cooled from
isotropic phase, the SmC* phase exists in a supercooled
state (without the two-phase region) till +15 °C usually
within several days. This property allowed us to measure
the main parameters of the induced SmC* phase in a
wide temperature range: the helix pitch, spontaneous
polarization, rotational viscosity, and the tilt angle of
molecules in smectic layers.

We have measured the temperature depen-
dencies of the SmC* mixtures helix pitch at various
concentrations of the chiral dopant 2b (Fig. 3). In
particular, for the ENLC eutectic mixture with chiral
dopant 2b the helix pitch exceeds 150 nm at any
temperature. Note that helix pitch po = 100 nm was
measured at the concentration of 2b equal to 9.1 mol. %
and at temperature 17 °C.
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Fig. 3. Dependencies of the SmC* mixtures (ENLC matrix
and chiral dopant 2b) helix pitch on chiral dopant
concentration and temperature

One of the most informative characteristics of
chiral dopants is their helical twisting power (HTP)
[16]:

HTP = —, 1)

DPoC

where ¢ is a chiral dopant concentration. For the chiral
dopant 2b, at ¢ = 9.09 mol. % and temperature 17 °C
HTP ~ 109 um* that can be calculated by the formula
(1) and the data shown in Fig. 3. For a comparison, the
maximum HTP known before for chiral dopants was
estimated as 46 pm* [16]. Thus, in this work, a chiral
dopant with the highest HTP known to date was
synthesized.

The chiral dopant 2a exhibits HTP smaller than
the dopant 2b. HTP of 2a calculated at ¢ = 9.1 mol. %
(eutectic point) is equal to 78 um™ This value is
confirmed by the data presented in Fig. 4, where po =
140 nm at temperature 18 °C.
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Fig. 4. Dependencies of the spontaneous polarization of the

eutectic mixture (ENLC matrix and chiral dopant 2a) at

heating from crystal to isotropic phase and cooling down.

The helix pitch of the same mixture FLC-661 was measured
on cooling

o

Fig. 4 also presents the temperature
dependencies of spontaneous polarization upon
heating and cooling of the eutectic mixture of the non-
chiral nematic matrix ENLC and the chiral non-
mesogenic compound 2a. Let us emphasize that this
mixture (FLC-661) is the eutectic of three compounds:
BPP-87, PP-608 and 2a. The eutectic of the mixture
FLC-661 is confirmed both by a very narrow
temperature interval of the phase transition from
crystal to SmC* phase (1.8 °C) and the absence of the
temperature hysteresis of the spontaneous polarization
(Fig. 4). FLC-661 has the maximum spontaneous
polarization in enantiotropic Sm C* phase near
32 nC/cm? The Ps value is approximately 1,5 times
greater than the spontaneous polarization of the
mixture NFLC-1, previously induced in the NLC
matrix by a chiral non-mesogenic dopant [7].
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The alignment quality of FLC-661 is illustrated
in Fig. 5. It is obvious that the defects density is rather
low, what characterizes the quite satisfactory optical
quality of the SmC* layer in the electro-optical cell.

a b

Fig. 5. Microphotographs of planar aligned FLC-661 6.7
um thick layer textures taken by the polarizing microscope
at 23 °C with crossed polarizer and analyzer. Rubbed 20 nm
polyimide PMDA-ODA were used as aligning layers. a —
The helix axis is parallel to the polarizer plane, b —the angle
between the helix axis and the polarizer plane is 45 deg

Thus, FLC-661 developed by us combines all
the necessary properties that allow it to be used in
electro-optical devices operating on the basis of the
DHF-electrooptical mode [8]. This SmC* material
provides the electrooptical modulation up to the
frequency of 3 kHz (see Fig. 6) with the contrast ratio
of about 45:1 in the white light.
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Fig. 6. Modulation of the white light intensity passing
through the DHF cell filled with FLC-661 and placed
between two crossed dichroic polarizers (bottom curve)

under the electric field (top curve) applied to the cell. The
cell gap is 6.7 pm, the temperature is 23 °C

The eutectic mixture of ENLC with the chiral
dopant 2b contains a very low concentration of the
dopant (3.2 mol. %). In order to compare the influence

of the dopants 2a and 2b on the FLC mixtures
properties, we prepared a mixture with the same
content of dopant 2b equal to 9.1 mol. % (FLC-661/7)
as in FLC-661. Temperature dependences of the
rotational viscosity y, and the tilt angle 6 of molecules
in smectic layers for the mixture FLC-661/7 are
presented in Fig. 7.
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Fig. 7. Temperature dependences of tilt angle 6 and
rotational viscosity y, for the mixture FLC-661/7 in the
cooling mode

It turned out that these dependencies on cooling
from the isotropic phase are practically equivalent for
the mixtures FLC-661/7 and FLC-661. The same can
be said about the temperature dependencies of
spontaneous polarization in the cooling regime from
the isotropic phase (Ps of FLC-661 is presented
in Fig. 4). On the other hand, the helical twisting
power of the chiral dopant 2b is essentially higher
with respect to 2a. Due to this, the helix pitch of the
induced SmC * mixture FLC-661/7 reaches 100 nm
(Fig. 3), while for FLC-661 it is 140 nm (Fig. 4).

Conclusion

In this work, two new chiral compounds were
synthesized: bis[(1S)-1-methyl-2-{[(1S)-1-methylhep-
tylJoxy}-2-oxoethyl]  1,1:4',1"-terphenyl-4,4"-dicar-
boxylate (2a) and bis[(1S)-1-methyl-2-{[(1S)-1-
methyloctyl]oxy}-2-oxoethyl]1,1":4',1"-terphenyl-4,4"-
dicarboxylate (2b). These compounds were used as
chiral dopants to induce a chiral SmC* phase by
introducing them into a specially designed eutectic
nematic matrix. As a result, for the first time, we suc-
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ceeded to induce a ferroelectric SmC* phase with a
subwavelength helix pitch of the order of 100-150 nm
in a nematic matrix. It was experimentally proved that
dopants 2a and 2b possess the highest known helical
twisting power: 78 um™ and 109 pum™, respectively.
The electro-optical cells based on the elaborated
mixtures manifest a satisfactory optical quality of the
induced SmC* and can efficiently operate at
frequencies up to 3 kHz in DHF mode.
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