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THERMOTROPIC LIQUID CRYSTALS

This work presents the results of studies of the electric properties of samples of oriented ionic
thermotropic liquid crystals (ITLC) of cobalt decanoate, lead decanoate, and their binary miz-
ture. It is found that all studied samples in the temperature range, where a liquid crystal exists,
are weak electrolytes. All investigated compounds are characterized by an anisotropy of bulk
conductivity caused by the ordering of molecules. The values of electric conductivity, activation
energy, charge mobility, and concentration are estimated.
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1. Introduction

The research of new promising materials for the en-
gineering and the development of devices for data
processing and storage is one of the important di-
rections of modern science. Due to the recent trends,
the great attention is paid to the studies of untradi-
tional types of liquid crystals (LC) such as organosil-
icon compounds [1, 2], Schiff base metal complexes
[3, 4], and ITLC of alkanoic acid homologs. The lat-
ter are characterized by the presence of intrinsic ionic
conductivity [5-7]. The unconventional properties of
these materials open up new possibilities for vari-
ous practical uses [8-10]. Tonic liquid crystals (ILC)
of metal alcanoates form an insufficiently explored
group of liquid crystals [11, 12], which have a num-
ber of advantages comparing to traditional molecu-
lar liquid crystals. Most uni- and divalent metal alka-
noates form ionic liquid crystals of smectic A type,
while melting [13]. These compounds are promising
for the development of systems for the recording of
information due to their intrinsic ionic conductivity,
high solubility, good thermal stability, and ability to
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form mesomorphic smectic glasses [8, 9, 14|. Despite
this, there are negligible amount of data [3, 5, 15—
16] on the electrical properties of oriented samples of
ITLC, charge mobility, and charge concentration in
such compounds.

2. Materials and Cell Preparation
2.1. Materials

The types of chemical compounds mentioned be-
low were used for studies of transport proper-
ties: 1) individual compound of cobalt decanoate
(CoH19COO™)2Co?*  (temperature interval of the
mesophase: 378-573 K); 2) individual compound
of lead decanoate (CgH19COO™)2Pb?t (temperature
interval of the mesophase: 353-388 K); 2) binary
system — (CnggCOO_)2C0+2|CngchO_Pb+2
(90: 10 mol.%, temperature interval of the mesopha-
se: 373-423 K).

Metal decanoates (CogH19COO)oM were prepared
by the metathesis method by adding a saturated
aqueous solution of a divalent metal nitrate to a
methanolic solution of sodium decanoate. The salts
were several times recrystallized from hot toluene and
dried in a vacuum drier at 323 K for 24 h. The binary
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mixtures were prepared by melting the preweighed
components in the argon atmosphere and then recrys-
tallizing them at 353 K during several hours or days, if
needed. Samples were stored in argon before the mea-
surements. The IR spectra verified the absence of wa-
ter, carbonic acid, and nitrate salts in the synthesized
salts. Carbon and hydrogen contents were determined
via microanalysis. Since there was an excellent agree-
ment between experimental and calculated values, it
is reasonable to conclude that the compounds are of
high purity.

2.2. Cell preparation

The cells with metal electrodes (Ni, Cu) were used
for the investigation of the electrical conductivity of
smectic ITLC. Metal electrodes in the cells were pla-
ced relatively glass substrates either as sandwich or
planar relative to glass substrates (Fig. 1). The cells
were filled with studied liquid crystalline materials
at a hot plate at temperature T > To_rc (To-Lo
is the temperature of the “crystal-liquid crystal”
phase transition), by using the capillary technique
[17, 18]. To prevent the “absorption” of water in the
sample, the cell edges were sealed with glue. In the
case of a cell with planar arrangement of electrodes,
they specified the cell thickness. The thickness of cells
with sandwich electrodes was specified by glass spa-
cers. In both cases, the sample thickness was 85 pm.

3. Experimental Methods

Thermal polarizing optical microscopy complemented
with the improved conoscopic method was used in or-
der to provide main optical characteristics of cobalt-
alkanoate mesomorphic glasses [19, 20]. In this way,
such characteristics as the alignment and the optical
quality were measured.

The X-ray small-angle scattering investigation was
conducted for establishing the nature of the molecules
arrangement and its changes during phase transfor-
mations for all studied samples. Measurements were
carried out with a small-angle diffractometer with
a slit collimation system. The studies were carried
out on the experimental setup with monochromated
CuKa-radiation of an X-ray tube with capacity of
1.2 kV, monochromator was a nickel foil, and focused
spot was 0.4 x 8 mm in size. The range of 20 angles —
from 0.1° to 20°, and the resolution of a collimation
system was 0.02°. The temperature was measured by
a copper-constantan thermocouple with an accuracy
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Fig. 1. Types of LC cells for studies of electrical properties:
A) cell with sandwich electrodes, B) cell with planar arrange-
ment of electrodes; 1 — glass substrates, 2— Ni or Cu electrodes,
8 — cation-anion interlayer, 4 — alkyl chains of molecules

of 0.2 °C. Measurement and calculation errors were
within 2%. Studies were conducted during increasing
and back decreasing the temperature.

The bulk electrical conductivity of all samples was
determined by the oscilloscopic method [21, 22]. The
triangular voltage signal had peak value of 0.10-
0.25 V. The frequency dependence of the bulk re-
sistance for all examined samples was investigated
in the temperature range of LC formation. Low val-
ues of alternating voltage applied to the samples
made electrochemical processes on electrodes impos-
sible. Measurement and calculation errors of the used
method were within 5%.

To retrieve the mobility of charge carriers in ITLC,
the method of switching the voltage applied to the
cell [23] was used. For this purpose, the sandwich cell
with metal electrodes and with a sample thickness
of 500-900 um was taken. Because of a considerable
thickness, all tested samples for this experiment were
nonoriented and polydomain.

4. Experimental Results and Discussions
4.1. X-ray small-angle scattering

Small-angle X-ray studies of ITLC have shown that
the mesophase of all investigated compounds belongs
to Smectic A type. The molecules are packed in bi-
layers formed by alkyl chains separated by the cation-
anion interlayer, which contains cations of cobalt (or
lead) and the oxygen atoms of carboxyl groups with
negative charge. The cation-anion interlayer of the
binary mixture contains two different metals, which
are present in the mixture composition. It was found
that, during the phase transition from the crystalline
state to the mesophase, there is a sharp reduction Ad
in the interlayer periodicity d. — d,,, which preserves
in the glass state d; up to room temperature. This
abrupt contraction of smectic layers is caused by a
conformational disorder of molecules alkyl chains and
the long-range electrostatic interaction.
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Fig. 2. Logarithmic temperature dependence of the elec-

trical conductivity of studied samples measured along the
cation-anion layers: cobalt decanoate (CgH19COO™)2Co?t
(1), lead decanoate (CoH19COO™)2Pb%t (2), binary system —
(CQHlQCOO_)2CO+2 |CngchO_Pb+2 (3)

The characteristic feature of the molecular order-
ing in the mesophase and glass is the interlayer in-
terpenetration of disordered alkyl chains of molecules
at ~(4-7) A. The value of correlation lengths £ in
the vitreous state shows that the glass has a smectic
structure with a clear orientation of the long axes of
molecules in the range of two to six bilayer distances.

The investigation of the binary system has shown
that the diffraction pattern has characteristics of
both individual compounds included in the com-
position, where the compound (CnggCOOi)QPbQ—F
acts as an orienting matrix. In particular, the cor-
relation length £ in the binary system has quadru-
pled in comparison with the individual compound
(CoH19COO™)2Co*". This indicates a higher qual-
ity smectic bilayer ordering in binary system, than
in (CnggCOO_)2C02+. However, it should be noted
that the binary system melting temperature remained
high (~355 K). In addition, the binary mixture is un-
able to vitrify as lead decanoate compound, which sig-
nificantly limits its use. All obtained structural char-

Table 1. Structural characteristics

Compound de, A | dm, A | dg, A | Ad, A | &), A
(CoH19C00)2Co%T| 28 20 21 4 50
(CoH19CO0)2Pb2t| 31 23 - 4 1000
Pb,Co|CoH19COO 31 23 - 4 200
504

acteristics are listed in Table 1 (where d. is the bilayer
spacing in the crystal, d,, is the bilayer spacing in
the mesophase, dg is the bilayer spacing in the glass
state).

4.2. Conoscopic characterization

The improved conoscopic method was used to con-
firm anisotropic properties of the studied mesomor-
phic glasses and to determine their birefringence. The
typical conoscopic picture of a uniaxial crystal was
observed for the studied glasses during the experi-
ment. Such result clearly indicates anisotropic optical
properties (optical birefringence) of the mesomorphic
glasses and their homeotropic alignment.

4.3. Transport properties

4.8.1. Electrical conductivity
of cobalt decanoate ITLC

Measurements were carried out in the temperature
interval of 293-395 K in both directions of tempera-
ture growth and decrease for the same sample. It was
found that the conductivity measured along cation-
anion layers at the temperature of LC formation
(T = 355 K) was o ~ 4.05 x 107° Sm/m and ex-
ponentially increased with the temperature.

The hysteresis phenomenon wasn’t observed for the
temperature dependence of the conductivity of all in-
vestigated samples. This indicates the absence of ir-
reversible electrochemical processes and the stability
of the structure of the sample during the study.

The experimental points are well described by the
Arrhenius exponential dependence

E,
T = o9 exp (_kT>7

where o is the conductivity of ITLC, T the temper-
ature, oy the preexponential factor, & the Boltzmann
constant, and E, the activation energy of conduc-
tivity. This dependence is linear in the coordinates
In(o T) versus 103/T (Fig. 2). The activation energy
E, can be determined by the slope of the linear de-
pendence. The value of E,/q (¢ = 2 — ion charge)
characterizes the energy barrier per unit ion charge
(¢ = 1), which it has to overcome in order to start
moving. For the reduced dependence: E,| = 0.12 eV,
and E,/q = 0.06 J/C. It should be noted that, for
the same sample, the measurement accuracy of the
activation energy was higher than the accuracy of

ISSN 2071-0186. Ukr. J. Phys. 2016. Vol. 61, No. 6



Electric Properties of Ionic Thermotropic Liquid Crystals

the conductivity measurement, since the error of the
geometric factor of the cell is added to the error of
conductivity measurement.

The same studies were held using a cell with sand-
wich electrodes to determine the anisotropy of electri-
cal conductivity (measurements were performed per-
pendicularly to the cation-anion layers). In this case,
the electrical conductivity also exponentially increa-
ses with temperature. But the value of conductivi-
ty is decreased by five orders of magnitude (o, =
5.24 x 10719 Sm/m, T = 355 K).

The corresponding temperature dependence of the
conductivity measured perpendicularly to the layers
is shown on the logarithmic scale of the coordinates
in Fig. 3. The activation energy of the electrical con-
ductivity and the value of energy barrier significantly
increased: E,; =0.80¢eV, E, /q=0.40 J/C.

4.3.2. FElectrical conductivity
of lead decanoate ITLC

In contrast to the cobalt decanoate compound with
clear homeotropical alignment of molecules in the lig-
uid crystal cell (sample resembling a single-domain
LC), the polydomain sample of lead decanoate has
quasiplanar alignment of molecules in a cell. There-
fore, the studies of the electrical conductivity along
and perpendicularly to the cation-anion layers were
held, by using the cells with sandwich and planar
electrodes, correspondingly.

The temperature dependences of the conductivity
for lead decanoate compound are similar to the previ-
ous case (Figs. 2 and 3). As for cobalt decanoate, the
electrical conductivity of the samples of lead deca-
noate exponentially increases with the temperature.

The electrical conductivity measured along cation-
anion layers is equal to o] ~ 4.93x 10™* Sm/m at the
temperature of the formation of LC (T" = 360 K). The
conductivity measured perpendicularly to the layers
is equal to o =~ 3.69 x 107® Sm/m at the same
temperature region. Values of activation energy and
energy barrier are the following: FE, = 0.57 eV,
Eq/q = 029 J/C (along layers, Fig. 2), E,1 =
= 0.69 eV, E,, /q = 0.35 J/C — perpendicular lay-
ers (Fig. 3).

The obtained values of electrical conductivity mea-
sured along and perpendicularly to the smectic lay-
ers indicate the existence of an anisotropy of conduc-
tivity, but its value o) /oL = 102 is three orders of
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Fig. 3. Logarithmic temperature dependence of the

electrical conductivity of studied samples measured per-
pendicularly to the cation-anion layers: cobalt decanoate
(C¢3H190(307)2C027L (1), lead (CnggCOO*)ng“ (2), bi-
nary system — (CoH19COO™)2Co™2 |CQH19COO_Pb+2 (3)

magnitude smaller than the conductivity anisotropy
for the cobalt compound (o /o = 10°). This is be-
cause the sample of lead decanoate is polydomain
with mostly planar alignment of molecules in the
cell, i.e. the alignment of molecules is not strictly pla-
nar. However, the conductivity of the lead compound
was greater than for the cobalt one. In particular,
its value along layers approximately ten times larger
(U” ~ 4.05 x 107° Sm/m — cobalt decanoate sample,
o) ~ 4.93 x 107" Sm/m - lead decanoate sample).
The reason is the viscosity of substances, which was
significantly greater for the cobalt compound [24].

4.8.8. FElectrical conductivity
of binary mixture ITLC

The research of the electrical conductivity of binary
mixture was conducted in the temperature range of
295-400 K. It was found that the conductivity mea-
sured along (Fig. 2.) and perpendicularly (Fig. 3) to
the cation-anion layers exponentially increases with
the temperature. At the temperature of LC forma-
tion (T = 356 K), the value of conductivity was
o) ~ 108 x 107* Sm/m along and o, ~ 1.05x
x107® Sm/m perpendicularly to the cation-anion
layers. Thus, the value of anisotropy of electric con-
ductivity is oy /oL = 10*. In comparison to the indi-
vidual compound of cobalt decanoate, the obtained
results show that adding the impurities of lead has
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led to the increase of the conductivity by about twice
along the smectic layers and 20 times perpendicularly
to the layers.

Using the corresponding temperature dependences
of the conductivity along and perpendicularly to the
layers, the values of activation energy and energy
barrier were determined: E,; = 0.43 eV, E,/q =
= 0.21 J/C (along layers, Fig. 2), E,; = 0.82 eV,
E.1/q = 0.41 J/C (perpendicular cation-anion lay-
ers, Fig. 3).

Thus, the studies have shown that all the oriented
samples of ITLC were characterized by the conduc-
tivity anisotropy. Along with the correlation between
the values of conductivity along and perpendicularly
to the smectic layers, the correlation between the cor-
responding values of activation energy and energy
barrier is observed. The higher the conductivity o,
the less the energy characteristics £ and E/q. This
dependence means that, along with the anisotropy
of conductivity, the anisotropies of activation energy
and energy barrier are also observed.

4.4. Interconnection of the transport
properties with the structure

The layered structure of ITLC causes the occurring of
significant differences between the transport of main
charge carriers in the oriented LC compared with a
non-oriented and isotropic melt. The charge transfer
occurs along the direction of the vector of an ap-
plied electric field. The value of conductivity depends
weakly on the direction of the field in the case of non-
oriented LC and does not depend on the direction
of the field for an isotropic melt. At the same time,
there is a large anisotropy of conductivity in the case
of oriented LC, i.e. the conductivity along the smec-
tic layers is 2—5 orders of magnitude higher than the
conductivity perpendicularly to the layers o) > o, .
The conductivity anisotropy can be explained qual-
itatively within the Stokes model for the movement
of charged spherical particles of radius r in a homo-
geneous medium with viscosity 7 [24]. According to

Table 2. Electrical characteristics
of non-oriented ITLC (380 K)

p, m?/(V-s) o, Sm/m n, m~3
Co2+ 2% 1077 3.67 x 107° 5.73 x 10—20
Pb2t+ 2x10~7 1.33 x 102 2.08 x 10—23
506

this model, the mobility p of charged spherical parti-
cles is inversely proportional to the value of viscosity
w ~ 1/n. For the oriented smectic mesophase, the
viscosity along the layers is always less than that in
the direction perpendicular to the smectic layers. Due
to this, the layers of molecules in the smectic phase
move sufficiently freely relative to one another. Since
the conductivity is inversely proportional to the vis-
cosity, the most efficient charge transfer direction is
the direction with the lowest viscosity, i.e. the charge
transport in ITLC takes place in the direction along
the smectic layers.

4.5. Mobility and concentration
of charge carriers

The determined values of mobility of charge car-
riers g in LC for the individual compounds
(CnggCOO*)gCOH and (CgHwCOOi)QPb2+ are
about the same: pu ~ 2 x 10~ m?/(V -s). Unfortu-
nately, it is not possible to measure the mobility of
charge carriers for mixture of these substances, be-
cause of the fast exfoliation of a sample after the po-
larizing voltage application.

Obviously, owing to the melting of metal alkanoates
salts, the two types of ions appear — carboxylate
anions and metal cations. Carboxylate anions have
larger molecular size compared with metal cations,
and they primarily determine the value of period of
the LC layered structure (Smectic A). Because of the
large size, their mobility is much lower than the mo-
bility of metal cations. Thus, the main charge carri-
ers in LC are metal cations (Co?t and Pb*"). The
value of concentration of charge carriers n in ITLC
can be found from the values of conductivity and mo-
bility. All obtained transport characteristics are listed
in Table 2.

5. Conclusions

The detailed investigation of the transport proper-
ties of the ITLC oriented SmA phase has been con-
ducted. In the research, the values of fundamental
electrical characteristics such as conductivity and ac-
tivation energy are determined.

It is established that the studied ITLC are weak
electrolytes in the temperature range corresponding
to the mesophase. All compounds are characterized
by the large anisotropy of electric conductivity caused
by a molecular alignment.
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During the measurements, the high anisotropy of
electric conductivity was observed for all the studied
samples. The presence of the anisotropy confirms the
model describing the packing of molecules in ITLC. It
is shown that the charge transport with metal cations
as the main carriers occurs along the cation-anion
layers.

For the first time, charge carriers’ mobility and con-
centration values are obtained for the nonoriented
polydomain samples of ITLC within the switching
voltage method.
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EJIEKTPUYHI BJIACTUBOCTI IOHHUX
TEPMOTPOITHUX PIIKNX KPUCTAJIIB

Pezmowme

Y nmaniii poboTi HaBEEHO PE3YJIbTATH JOCJI/I?KEHb €JIEKTPH-
YHHUX BJIACTUBOCTEHN OPi€HTOBAaHMX 1IOHHUX TEPMOTPOIHUX PiJ-
kux kpucranis (ITPK) nekanoary kobasibTy, JeKaHOATY CBHUH-
mio Ta ix OGinapHol cywmimii. BusiBjieHo, mo 3a Temneparypu
icHyBaHHsI Me30da3u BCl JOCHIKyBaHI 3pa3Ku € CiIabKumu
€JIEKTPOJIITaMH, 110 XapaKTePU3yIOThCs aHI30TPOIi€0 06’ eMHOT
eJIeKTponpoBigHOocTi. B cBOIO depry, HasABHICTH aHizoTpOmil
€JIEKTPOIIPOBITHOCT]I NOB’si3aHa 3 YIOPSIKYBAaHHIM MOJIEKYJI B
ITPK. B pobori Takoxxk 6yjia 1npoBejeHa OI[IHKA BEJIUYHNH eJie-
KTPOIIPOBITHOCTI, eHepril akTuBaIlil, PyXJHUBOCTI Ta KOHIIEH-
Tpalil HOCIiIB 3apsiy.
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