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Abstract

The dielectric investigation has a great importance in liquid crystal studies as a supportive method to DSC for a complete
characterization of liquid crystals as well as in the electronic applications. In this study, the synthesis, mesomorphic char-
acterization and dielectric properties of a new phenylbenzoate-based three-ring calamitic liquid crystal which composed
of ester linking groups, (S)-3,7-dimethyloctyloxy chiral unit at one of terminals and n-octyloxy chain at the other end of the
molecule, have been reported. The new calamitic liquid crystal 4-[4-((S)-3,7-dimethyloctyloxy)phenoxy)carbonyl]phenyl
4-(n-octyloxy)benzoate (DPCPB) has been characterized using 'H, >*C-NMR and MS-QTOF. The liquid crystalline behavior
of the target compound has been investigated by differential scanning calorimetry and optical polarizing microscopy. DPCPB
exhibits an enantiotropic non-tilted smectic mesophase in a wide temperature range. The real and imaginary dielectric con-
stant, conductivity mechanism, impedance and dielectric relaxation mechanism of DPCPB have been investigated depending

on frequency at different temperatures.
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Introduction

Liquid crystals (LCs) that are able to self-assembly are one
of the most unique classes of soft materials [1, 2]. These
materials combine both fluidity and long-range order prop-
erties which enable the more advanced applications of LC
[3, 4], most prominently in various fields such as display
technology [5, 6], electro-optics, fast switching devices [7,
8], organic light-emitting diodes (OLEDs) [9-12], biosen-
sors [13-15], organic semiconductors [16] and nanoparticle-
doped LCs-based devices [17, 18].

LC materials show a variety of mesophases depend-
ing on their molecular architecture and the intermolecular
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interactions which are responsible for the self-organization.
The molecular shape and the interactions influence the mac-
roscopic behavior and give rise to a considerable change in
the mesomorphic properties. It is necessary to determine the
appropriate molecular design and to understand more deeply
the structure—property relations for new technological chal-
lenges [1, 2, 19].

Calamitic liquid crystals, which are the most studied
class in the LC field, are generally composed of at least two
aromatic rings linked each other directly or by a flexible
connecting group and carry alkyl chains or polar groups at
terminals of the structure. The alteration of terminal chains,
connecting units and lateral substitution of the rigid core
of a calamitic molecule is generally useful ways to change
the molecular rigidity, flexibility and physical properties of
LCs [2, 19-22]. Phenyl benzoate-based liquid crystals are
one of the most synthesized molecular architecture due to
the molecular flexibility arised from ester linking groups
between aromatic rings, the advantages of easily synthesis
methods as well as the alteration of lateral and terminal sub-
stitution possibility which enables the occurrence of unique
physical properties [23-28].

Chiral liquid crystals (LCs) have gained much attention
since the discovery of ferroelectric properties [29] which
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gave rise to the development of LC display technology [30,
31]. The molecular chirality can be introduced into various
locations of the mesogenic unit [32]. In general, the chiral
moieties are generally introduced as a terminal group into
the structure. The variation of a mesogenic core by chiral
centers leads to the chiral mesophases such as chiral smec-
tics and cholesteric mesophase [33-38].

The investigation of dielectric behavior of liquid crys-
tals is of significant interest to improve the physical proper-
ties of liquid crystal materials and the new design of smart
multifunctional liquid crystalline materials aimed for opto-
electronic applications [39-41]. The dielectric study is also
necessary to understand the effect of nanoparticles on the
improvement of the dielectric properties of nanoparticle-
doped liquid crystal mixtures and to produce new LC-NP
composite materials having unique and improved properties
that are different from pure LCs for technological applica-
tions [42-44].

In this study, we reported the synthesis, mesomorphic
characterization and dielectric properties of a new chiral
calamitic liquid crystal DPCPB which is derived from the
phenylbenzoate ester with three aromatic rings as the rigid
unit, (S)-3,7-dimethyloctyloxy chiral unit at one of ends and
n-octyloxy chain at the other. As a supportive method to
DSC and POM techniques, the dielectric properties such as
real and imaginary dielectric constant, conductivity mecha-
nism, impedance and dielectric relaxation mechanism have
been investigated depending on frequency at different tem-
peratures in order to enable the determination of the phase
transition temperatures of DPCPB.

Experimental

Synthesis and mesomorphic properties
of 4-[4-((S)-3,7-dimethyloctyloxy)phenoxy)
carbonyl]phenyl 4-(n-octyloxy)benzoate (DPCPB)

The synthesis of a new phenylbenzoate-based three-ring
calamitic liquid crystal 4-[4-((S)-3,7-dimethyloctyloxy)phe-
noxy)carbonyl]phenyl 4-(n-octyloxy)benzoate (DPCPB) is
carried out as shown in Scheme 1. Firstly, 4-(n-octyloxy)
benzoic acid [45] (2) was synthesized by the etherifica-
tion of commercially available n-octyl bromide with ethyl
4-hydroxybenzoate in 2-butanone using K,COj; to yield ethyl
4-(n-octyloxy)benzoate [46] (1), followed by hydrolysis
reaction with NaOH/H,O in ethanol. The (S)-3,7-dimeth-
yloctyloxy chain substituted phenol ring was synthesized
by firstly starting reduction of (S)-(-)-p-citronellol to the
saturated corresponding chiral alcohol under catalytic hydro-
genation condition. Then, the bromination reaction with
48% aqueous HBr/concentrated H,SO, using tetrabutylam-
monium hydrogensulfate (TBAHS) as catalyst was carried
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out to yield (S)-3,7-dimethyloctyl-1-bromide [47, 48]. The
Williamson ether synthesis of (S)-3,7-dimethyloctyl-1-bro-
mide and commercially available 4-benzyloxyphenol using
K,COj; in 2-butanone yield to (S)-4-(3,7-dimethyloctyloxy)
phenyl benzyl ether [48] (3). The deprotection reaction of
compound 3 using with 10% Pd/C as catalyst in THF by
heating in autoclave under the pressure of H, gas yielded to
(S)-4-(3,7-dimethyloctyloxy)phenol [49, 50] (4). The esteri-
fication of (S)-4-(3,7-dimethyloctyloxy)phenol (4) and p-ben-
zyloxybenzoic acid [51] using N,N’-dicyclohexylcarbodiim-
ide (DCC) and 4-(dimethylamino)pyridine (DMAP) [52] as
catalyst in dry dichloromethane to afford (S)-4-(3, 7-Dimeth-
yloctyloxy)phenyl 4-benzyloxybenzoate [48] (5) followed by
hydrogenolytic deprotection of the benzyl group leads to
(S)-4-(3,7-dimethyloctyloxy)phenyl 4-hydroxybenzoate [48]
(6). Finally, the esterification of 4-(n-octyloxy)benzoic acid
(2) and ((S)-4-(3,7-dimethyloctyloxy)phenyl 4-hydroxyben-
zoate (6) yielded to the target compound DPCPB (7) [53].

Procedure for the synthesis
of 4-[4-((S)-3,7-dimethyloctyloxy)phenoxy)
carbonyl]phenyl 4-(n-octyloxy)benzoate (DPCPB) (7)

4-(n-octyloxy)benzoic acid (2) (1.0 mmol) and ((S)-4-(3,7-
dimethyloctyloxy)phenyl 4-hydroxybenzoate (6) (1.1 mmol)
were dissolved in dry CH,Cl, (30 mL). To this solution,
N,N’-dicyclohexylcarbodiimide (DCC) (1.25 mmol) and
4-(dimethylamino)pyridine (DMAP) (0.09 mmol) were
added and the reaction mixture was stirred under argon
atmosphere for 24 h at room temperature. The reaction was
followed by TLC (hexane:ethyl acetate/2:1). The reaction
mixture was filtered on silica gel with CH,Cl,, and solvent
was removed under reduced pressure. The crude product was
purified by column chromatography on silica gel, eluting
with chloroform and then crystallization from a mixture of
chloroform and ethanol.

The intermediates and DPCPB were characterized by
"H-NMR and '3C-NMR (Bruker Avance III 500 spectrom-
eter in CDCl; or DMSO-dg solutions, with tetramethylsi-
lane as internal standard). DPCPB was also characterized
based on MS-QTOF (Agilent 6530, electrospray ioniza-
tion, ion source: dual ESI, MS abs. threshold: 200, MS/MS
abs. threshold: 5, gas flow rate: 10 L/min, gas temperature
300 °C) (see Figs. S3 and S4). The proposed structures are
in full agreement with the obtained spectroscopic data.

4-[4-((S)-3,7-Dimethyloctyloxy)phenoxy)carbonyl]
phenyl 4-(n-octyloxy)benzoate (DPCPB) (7)

C;3H;50O; 602.80 g/mol: Yield: 0.31 g (% 52), colorless
crystals. TH NMR (400 MHz, CDCl,): § (ppm)=8.18
(d, J~8.8 Hz; 2 Ar-H), 8.07 (d, J~ 8.9 Hz; 2 Ar-H),
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Scheme 1 The synthesis of
a new phenylbenzoate-based
three-ring calamitic liquid
crystal DPCPB
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7.27 (d, J~ 8.8 Hz; 2 Ar-H), 7.04 (d, J=9.0 Hz; 2
Ar-H), 6.90 (d, J~ 8.9 Hz; 2 Ar-H), 6.85 (d, /J~ 9.0 Hz;
2 Ar-H), 3.95-3.87 (m; 4H, 2 OCH,), 1.86-1.79,
1.77-1.44, 1.42-1.04 (3m; 22H, 2 CH, 10 CH,), 0.87
(d, J~ 6.5 Hz; 3H, CH;), 0.83-0.79 (m; 9H, 3 CH,). 3C
NMR (100 MHz, CDCl,): 6 (ppm)=164.87, 164.36 (2s;
2 COO0), 163.85, 156.96, 155.31, 144.22, 127.07, 120.99
(6s; 6 Ar-C), 132.44, 131.76, 122.39, 122.07, 115.14,
114.44 (6d; 6 Ar—CH), 68.41, 66.76 (2t; 2 OCH,), 39.28,
37.32, 36.25, 34.95, 31.83, 29.35, 29.11, 26.01, 25.48,
24.72 (10z; 10 CH,), 29.87, 28.00 (2d; 2 CH), 22.68,
22.64, 19.68, 14.13 (4q; 4 CH;). C33H;5yO4 (602.80): full
MS ESI (electrospray ionization) (+) [50.00-1000.00]:
603 (100) [M +H]™, 353 (45) [M* — C,(H,0,], 233 (112)
[M+ —C(H,s0,—C;H,0,], 121 (5) [M + —C,cH,40, —
C,H,0,—CgH ¢l

Results and discussion

The mesomorphic properties
of 4-[4-((S)-3,7-dimethyloctyloxy)phenoxy)
carbonyl]phenyl 4-(n-octyloxy)benzoate (DPCPB)

The liquid crystalline properties of DPCPB were investi-
gated by using a Mettler FP-82 HT hot stage and control
unit in conjunction with a Leica DM2700P polarizing micro-
scope. DSC thermograms of DPCPB were recorded on a
PerkinElmer DSC-6, heating and cooling rate: 10 °C min™"
in a nitrogen atmosphere. The mesomorphic properties of
DPCPB are given in Table 1.

DPCPB exhibits an enantiotropic non-tilted smectic
mesophase (SmA) with a typical fan-shaped texture in non-
treated microscopic glass slides and the focal conic texture
in a 5-pm PI non-coated ITO cell providing planar alignment
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Table 1 Mesophase, phase transition temperatures (°C) and the corresponding transition enthalpies (kJ/mol) of the compound DPCPB

o O
W />_©70
Y Sy U
O
7

Compound T/°C [AH kJ/mol]?

DPCPB

H—:Cr60.98 [21.55] SmA 139.64 [2.23] Iso

Cr 32.69 [1.98] SmA 140.35 [4.27] Iso: <~ C

Cr crystalline, SmA non-tilted smectic mesophase, Iso isotropic liquid phase

#PerkinElmer DSC-6; enthalpy values in italics in brackets taken from the 2nd heating and cooling scans at a rate of 10 °C min™

as given in Fig. 1a,b. The focal conic texture in the homeo-
tropically alignment sample between ordinary glassplates
after shearing (Fig. 1c) was also appeared, and then, there
is no observation of schlieren regions after relaxation time.
The mesophase was detected by two calorimetric peaks at
60.98 °C and 139.64 °C in the DSC 2nd heating scans (see

1

Fig. 2). The transition from SmA phase to crystalline was
detected at 32.69 °C in DSC cooling thermogram.

Fig.1 Optical textures of mesophases of compound DPCPB
observed between crossed polarizers (indicated by arrows) at
109.0 °C on cooling a The fan-shaped texture of the SmA phase
between non-treated microscopic glass slides. b The appearance of

@ Springer

focal conic texture in SmA phase in a 5-pm PI non-coated ITO cell
providing planar alignment. ¢ The focal conic texture of the SmA
phase in the homeotropically alignment sample between microscopic
glass slides after shearing (magnification 100X)
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Fig.2 DSC thermograms of compound DPCPB on 2nd heating and
cooling (10 °C min~})
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Fig. 3 The frequency variation of a the real part of the dielectric con-
stant of DPCPB at different temperatures

Dielectric properties
of 4-[4-((S)-3,7-dimethyloctyloxy)phenoxy)
carbonyl]phenyl 4-(n-octyloxy)benzoate (DPCPB)

Dielectric constant or permittivity is a parameter of how
easily a material is polarized by an electric field. Besides
this, the dielectric constant (electrical permeability) shows
how much energy is stored in the material in the presence
of external electric field and how much energy is lost in the
material. Here, the real (storage) component of dielectric
constant (¢'(w)) indicates the amount of energy that can be
stored in the dielectric material. The loss (imaginary) com-
ponent of the dielectric constant (¢”(w)) is the measure of
the energy emitted as heat in the dielectric material. Real

Table 2 Absorption coefficient
and relaxation time of DPCPB
at room temperature

Adj. R* «a 7,(5)
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Fig.4 Ae of DPCPB at different temperatures (frequency range:
1k Hzto 1.5 M Hz)

component of dielectric constant (¢'(w)) depending on loga-
rithmic angular frequency (@ =2zxf) is given in Fig. 3.

The complex dielectric constant (¢*(w)) consists of real
(¢'(w)) and imaginary (¢”(w)) components of dielectric con-
stant, and £*(w) can be formulated by Eq (1) [54, 55]

" (w) = € (w) — ie" (w) (1)

The real component of dielectric constant decreases with
increasing of frequency (Fig. 3).

The frequency dependence of the real dielectric constant
€'(w) is described by Cole—Cole Eq. (2) [56].

1+ (an'o) =% gin %(Xﬂ.’

g =€, + (6, — €4,) )

@
7, and a also represent relaxation time and absorption coef-
ficient, respectively.

As shown in Fig. 3, the real component of dielectric con-
stant increases with increasing of temperature at low fre-
quency. As the frequency increases, the dielectric constant
is almost constant for all temperatures with the (1-500 kHz)
frequency range. The real component of the dielectric con-
stant starts sharply increasing at 140° C, depending on the
isotropic phase transition temperature.

The dielectric strength (Ag,) has been calculated as the
difference between the low-frequency dielectric constant (&)
and high-frequency dielectric constant (g,).

I+ 2((01'0) " in %(lﬂ' + (arro)

Ag, = g,—€, 3)
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Fig.5 The frequency variation of the imaginary parts of the dielectric
constant of DPCPB at different temperatures

Absorption coefficient (a) and relaxation times (7)
parameters have also been fitted by OriginPro 2015 graphic
program in terms of Cole—Cole Eq. (2) on the frequency
dependency of the relative dielectric constant (¢ —f) curves.
Absorption coefficient takes values between zero and one.
If absorption coefficient (a) is zero, Debye-type relaxation
occurs for polar dielectrics. If absorption coefficient () is
between zero and one that leads to the result of non-Debye-
type relaxation [56]. The relaxation mechanism of DPCPB
is nearly Debye type because a equals to 0.014 (Table 2).

Figure 4 shows dielectric strength (A¢) values of DPCPB
at different temperatures. Up to 65 °C, there is a slight
change in dielectric strength due to the stability of the crystal
structure. In the SmA phase, the dielectric strength increases
logarithmically with increasing of temperature. In this SmA
phase, the molecular dipoles of the liquid crystal are formed
by increment of temperature, and because of this reason, the
dielectric strength increases in the SmA phase. After 140 °C,
the isotropic phase occurred.

Figure 5 shows imaginary component of dielectric con-
stant. The absorption curve of the DPCPB shows a dielectric
relaxation peak. The critic frequency, the imaginary com-
ponent of dielectric constant decreases up to 1.39 MHz,
after this value imaginary component of dielectric constant
increases again because of decreasing oriented electri-
cal molecular dipole effect in DPCPB. As the temperature
increases, the minimum values of imaginary parts of dielec-
tric constant are shifting toward the high frequency [57].

The imaginary component of dielectric constant decreases
up to 10° Hz. After this value, it increases with increasing
of frequency. As shown in Fig. 5, the maximum value of
imaginary part of dielectric constant shown at 140 °C is
related to the isotropic phase transition temperature. At high
frequency, the imaginary parts of the dielectric constant of
DPCPB are almost constant for all temperature.
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Fig.6 The In(o) versus In(w) plots of DPCPB at different tempera-
tures

Thanks to In(o) versus In(w) graph (Fig. 6), information
about conductivity mechanism of DPCPB can be obtained.
According to Jonscher’s Universal Conductivity, power law
obeys o =0y, +Aw’. 04, is dc component, Aw® is ac compo-
nent and s parameter is frequency exponent [58, 59]. The
frequency exponent can be calculated by the slope of In(o)
versus In(w) graph (Fig. 6).

As shown in Fig. 6, up to 65 °C, s parameter varies from
0.87 to 0.95 and the conductivity mechanism is CBH (corre-
lated barrier hoping) model because of 0 <s< 1. As tempera-
ture increases, it occurs two conductivity mechanisms. At
low angular frequency, the conductivity mechanism is nearly
DC (s=0.061 to 0.074), and at high angular frequency, the
conductivity mechanism is CBH model (s =0.87 to 0.95).
One of the most famous and successful models put forward
to explain the AC conduction mechanism in amorphous
materials is the correlated barrier hopping (CBH) model by
Elliott in 1987 [60, 61]. The theory was developed to explain
the electrical transport in materials.

In CBH model thermally activated charge carriers hop
between two localized sites over the potential barrier sepa-
rating them. The temperature dependence of frequency
exponent s is given s =1—(6kg7/W,,) and T is the tempera-
ture (K), W, is the optical band gap (eV) of the material, and
kg is the Boltzmann constant (ev/K) [62, 63].

Conclusions

In this work, a new phenylbenzoate-based chiral calamitic
liquid crystal DPCPB which composed of three aromatic
rings with ester linking groups, (S)-3, 7-dimethyloctyloxy chi-
ral unit at one of terminals and n-octyloxy chain at the other
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end has been synthesized and characterized. DPCPB exhib-
its an enantiotropic non-tilted smectic mesophase (SmA)
with a typical fan-shaped texture in a wide temperature
range. According to variation of real component of dielec-
tric constant depending on frequency, the real component
of dielectric constant increases sharply at 140 °C which is
related to the isotropic phase transition temperature. The
relaxation mechanism of DPCPB is nearly Debye type. Up
to 65 °C the conductivity mechanism is correlated barrier
hoping (CBH), and after this temperature, the conductivity
mechanism is nearly DC. In this study, the determination of
dielectric parameters clearly enables the verification of the
phase transition temperatures of DPCPB which were deter-
mined both DSC and POM techniques. The dielectric inves-
tigation is of significant interest as a complementary method
for the full characterization of thermal as well as electro-
optic behavior of LCs used in technological applications.
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