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Abstract
The electrical conductivity of thin films (150 µm) of composites produced
from polymer poly(ethylene oxide) (PEO) and nematic liquid crystals E8 (in
compositional ratio PEO:E8 = 70:30 wt%) was studied by means of complex
electrical impedance spectroscopy in the range from 1 Hz to 1 MHz. Both ion
conductivity and alternating-current conductivity of PEO/E8 films were determined as depending on temperature in the room-temperature region 25–50 ◦ C.
The results show that the ion-conductive PEO/E8 composite is a promising
material for electronic applications.
Key words: flexible polymer electrolytes, polymer-liquid crystal composites, electrical properties, ionic conductivity, complex electrical impedance
spectroscopy

Introduction. In recent years, the (polymer/liquid crystal (LCs)) composites (PLCCs) have attracted great research and application interest due to
their unique electrical, dielectric, mechanical, and thermal properties [1–5 ]. In
particular, such materials have found wide use in the polymer-dispersed LCs
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(PDLCs) technology for electro-optical devices and smart windows, well developed at present [6 ]. Various kinds of advanced multifunctional PLCCs engineered
by use of nematic liquid crystals (NLCs) [1, 3, 7, 8 ], have been extensively studied
in view of their practical use in soft organic electronics and sensorics, as well as
in the field of rechargeable mini-batteries.
It is well known that the increasing the amorphous portion in PLCCs is a
key factor for enhancement of their ion conductivity. For such purpose, in 2016
Alexander G. Petrov suggested a promising approach, based on the ability of LCs
to form glassy state. In general, glassy state formation in LC systems can be
provoked by varying the concentration of the LC additives. Further, there are
evidences that the coupling of LCs to the polymer network in this case leads
to increase of viscosity of the PLCCs. In particular, it was found by Nicola
Scaramuzza and co-workers that the inclusion of the room-temperature NLCs
E8 (E8 is commercial name, from Merck) in the polymer poly(ethylene oxide)
(PEO) can lead to a considerable improvement of electrical conductivity of the
composed PEO/E8 ion-conducting material, through interactions between PEO
oxygen and LC molecules of E8 [9 ]. By that, anchoring interface effects induced
by PEO and the molecules of NLCs, play a significant role. Thin films of PEO/E8
PLCCs attracted our interest because they exhibit electrical properties that are
of importance for molecular electronics and soft-electronics applications [10 ]. In
the present work we studied the electrical conductivity of 150 µm-thin films of
PEO/E8 PLCCs in a room-temperature interval 25–50 ◦ C. They were characterized by means of complex electrical impedance spectroscopy (EIS). This study is
directly related to the practical application of such advanced soft-solid composite
materials.
Experimental. Details to materials, preparation of thin films of PEO/E8,
and experimental procedures using EIS are given elsewhere [9 ]. Briefly, the
PEO/E8 PLCCs with a thickness of 150 µm were produced with compositional ratio PEO:E8 = 70:30 (wt.%). The morphology of the PEO/E8 films was obtained
in transmission by means of NU-2 universal polarizing optical microscope (Carl
Zeiss Jena), and the optical micrographs were recorded under crossed polarizers
at room temperature. The frequency spectra of the electrical impedance of the
PEO/E8 films were measured by electrical impedance-meter Bio-Logic SP-200.
The films were placed between two blocking electrodes of copper (diameter =
1 cm) thus forming a symmetrical cell. The amplitude of the alternating-current
(AC) voltage applied transversally to the films was 100 mV (sine function). The
impedance spectra were recorded in the frequency range 1–106 Hz. The experimental data for the complex electrical impedance Z ∗ = Z ′ + iZ ′′ obtained by EIS
technique consist of both real (Z ′ ) and imaginary (Z ′′ ) parts of Z ∗ simultaneously
measured as a function of the frequency f of the AC electric field applied on
the PEO/E8 composite films. The temperature of the samples in the range from
25 ◦ C to 50 ◦ C was maintained by a thermostat Mettler FP82 interfaced with a
computer (the temperature accuracy was ±0.1 ◦ C).
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Results and discussion. As viewed by optical microscope, the studied
PEO/E8 FPLCC films display morphology comprising both polymer phase and
liquid-crystalline nematic phase. Being entrapped within the bulk of the polymer
PEO, distinct microsized LC domains and multi-domains of various sizes, relevant to the LC phase dispersed throughout the polymer system, can be observed
(Fig. 1). Macroscopically, the LC formations are relatively homogeneously distributed within the volume of the PEO/E8 film. Similar phase-separated mixed
polymer-LC morphology is well known, e.g., polydomain microstructures containing NLCs reported and discussed in [6, 11–13 ]. It could be suggested that the LCs
may be located also in the pores of the polymer PEO, similarly to the NLCs confined in micropore material structures [14 ]. In fact, the microscopic porosity and
microvoids of the studied PEO/E8 FPLCCs, was evidenced by scanning electron
microscopy (SEM) studies [9 ]. The optical anisotropy introduced by the addition
of E8 NLCs was observed under polarizing optical microscopy. At a microscale, the
nematic LC formations in the PEO/E8 films have random orientation. It should
be noted that the observed morphology of the microstructure of mixed polymer
and LC phases of the studied PEO/E8 thin films remains the same regardless of
temperature of the films (in our case, varied between 25 ◦ C and 50 ◦ C).

Fig. 1. Optical micrographs taken at room temperature (25 ◦ C) for a 150 µm-thin film of the
studied PEO/E8 composites: (a) between crossed analyzer and polarizer; (b) no polarizers. The
scale bar is 100 µm

Figure 2 illustrates the Nyquist plots (−Z ′′ versus Z ′ complex diagrams) for
the impedances measured for PEO/E8 composite film at different temperatures.
Note that the values of the imaginary part (Z ′′ ) of the complex impedance of
these dielectric materials were negative, i.e., the impedance is capacitive. It is
seen from Fig. 2 that the impedentiometric response of the studied PEO/E8 thin
films consists of semicircular arc on the high-frequency side, followed by a steep line
(forming an inclined spike) at the low-frequency side. The centre of the depressed
semicircle lies on the Z ′ -axis. The semicircle corresponds to the bulk electroconducting properties of the sample. Such a shape is relevant to the equivalent
circuit of capacitance and resistance connected in parallel. In the low-frequency
C. R. Acad. Bulg. Sci., 75, No 8, 2022
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Fig. 2. Nyquist complex impedance plots for PEO/E8 composite film at
various temperatures

region, the steep increase of Z ′′ values as the frequency decreases is relevant to
a build-up of electric double-layer capacitance at the electrode/sample interface
(a phenomenon known as electrode polarization effect of accumulated interfacial
charges and permanent/induced polarization). The value of the bulk resistance
(RB ) of the material was determined from the point of interception of the lowfrequency end of the semicircle with the Z ′ -axis [15 ]. Then RB was used to evaluate
the electrical conductivity (σ) of the PEO/E8 composite film according to the
expression [15 ]
(1)

σ = d/(RB A),

where in our case d = 150 µm was the thickness of the film, and A = 0.75 cm2 was
the contact area of the copper electrodes. Thus, from the data in Fig. 2a, b and
Eq. (1), we found that σ of PEO/E8 exponentially increases with the increasing
temperature, namely from 3.1×10−6 S/cm (at 25 ◦ C) to 3.3×10−5 S/cm (at 50 ◦ C)
(Fig. 3a), in accordance with results obtained for similar PLCCs (linear-chains
polymers and similar NLCs, such as highly polar cyanophenyls [1, 2, 7 ]. As established in [9 ], the E8 NLCs act as a pathway for the movement of the electric charges
(ions). The observed temperature-induced enhancement effect agrees with the results from other studies on thin films of PLCCs in the same temperature region
25–50 ◦ C [1, 2, 7 ]. The increasing trend can be explained in terms of a thermallyactivated hopping transport model. The measured ionic conductivity as a function
of reciprocal temperature presents the well-known phenomena (described by the
Arrhenius equation) when an ionic conduction mechanism involves ion hopping,
expressed as σ ∼ exp(−Ea /kT ), where Ea and T are the activation energy and
the absolute temperature, respectively, and k = 8.617 × 10−5 eV.K−1 is the Boltzmann constant. Thus, from the slope of the linear fit to the data (Fig. 3b), one
can determine Ea = 0.335 eV. Such value is in reasonable agreement with those
reported for similar ion-conducting PLCCs [1, 2, 7 ]. The three-dimensional Na+ ion
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Fig. 3. The ionic conductivity (σ) of PEO/E8 film as a function of: temperature T (a); 1/kT (b). The straight line in (b) represents the linear fit
to the electrical conductivity data

diffusion pathways with such relatively low activation energy ensure the high-rate
capability of the ion-conducting material PEO/E8.
The frequency-dependent (AC) electrical conductivity (σAC ) is also one of
the key physical characteristics of the studied PEO-E8 composite. The real part
′ ) and imaginary part (σ ′′ ) of AC conductivity σ
′
′′
(σAC
AC = σAC + iσAC can be
AC
15
calculated by expressions [ ]
(2)

′
σAC
=

Z ′d
,
|Z ∗ |2 A

′′
σAC
=

Z ′′ d
,
|Z ∗ |2 A

where the geometrical parameters d and A are mentioned above. Figure 4 presents
′
′′ as a function of the frequency f of the applied
the variation of both σAC
and σAC
electric field. Both quantities show an increasing trend with temperature. For
′′ (f ) this trend is well pronounced at f in the low-frequency range (in particular,
σAC
′
below 100 Hz) (Fig. 4b). The quantity σAC
is related to the dissipation of electrical
charges and represents dissipation of energy due to flow of charge carriers (i.e. flow
′ (f ) behaviour shown in Fig. 4a can be described
of energy). In our case, the σAC
by Jonscher’s power-law model [16 ], giving the link between AC conductivity and
charge carrier motion:
(3)

′
σAC
(ω) = σdc + Cω n ,

where ω = 2πf is the angular frequency, C is temperature-dependent pre-exponential constant, the power factor n should fall in the range from 0 to 1, and σdc denotes the frequency-independent conductivity (the so-called ‘static’, direct current
′′ (ω) at ω → 0. Equation (3) ac(DC) electrical conductivity), i.e., the value of σAC
counts for the role of the accumulated interfacial charges and permanent/induced
polarization for the conductivity increase as the frequency increases, thereby it
represents the charge transport mechanism and many-body interactions among
′ (f ) in double logarithmic scales
charge carriers [16 ]. In our case, the plots σAC
exhibit three separated regions with linear slopes, typical for disordered semiconductors: (i) low-frequency (f < 10 Hz) region corresponding to dominance of
C. R. Acad. Bulg. Sci., 75, No 8, 2022
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Fig. 4. Frequency dependence of the real (a) and imaginary (b) part of AC
′
′′
electrical conductivity plot (c) for
vs σAC
conductivity, as well as the σAC
the studied PEO-E8 composite film at various temperatures

electrode polarization; (ii) middle-frequency (10 Hz – 10 kHz) region associated
with DC conductivity, and (iii) high-frequency (f > 10 kHz) region associated
with the dispersive region, respectively. The temperature-dependent values of σdc
′ (f ) according to Eq. (3)
can be extracted from the intermediate region of σAC
(Fig. 4a). Reasonably, the σdc (T ) dependence resembles the one for σ(T ) shown
in Fig. 3.
The local maximum (at the particular frequency value termed fmax ) seen
′′ (f ) behaviour at each temperature corresponds to the build-up of
in the σAC
polarization. At this frequency, complete build-up of the polarization process
occurs [17, 18 ]. It is seen from Fig. 4b that fmax increases as the temperature increases. The shift of fmax together with the frequency value that corresponds to
the local minimum towards higher frequency indicates an increasing number of
charge carriers for ion migration owing to increased electrode polarization [17, 18 ].
Accordingly, this indicates a decrease in the relaxation time with elevating tem′′ (f ) against σ ′ (f ). At a
perature. This can be well seen also from the plots of σAC
AC
◦
given temperature in the range 25–50 C, these plots exhibit a semicircle followed
with a spike/tail (Fig. 4c). The semicircle shape results from the ion conductivity. By ‘sigma representation’, the diameter of the semicircle is reciprocally
(inversely) proportional to the relaxation time (τ ) [18–20 ]. By increasing temperature, the diameter of the semicircle increases (Fig. 4c), i.e., τ becomes lower – the
ion migration occurs faster. The same trend was reported by complex conductivity analyses of various polymer-based ion-conducting dipolar systems [18–20 ]. By
considered PEO/E8 composites, the cause for the decrease of the relaxation time
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is the same as for the increase of their ionic conductivity – both result from the
increase of their dielectric properties and the molecular chain segmental dynamics
with the increase of temperature owing to the thermal activation [9 ].
Conclusion. The temperature-dependent increase of both ion conductivity
and DC conductivity, as well as the decrease of dielectric relaxation time of the
studied PEO/E8 composite, suggest thermal activation of dielectric properties
of this (polymer/liquid crystal) material. Essentially, the results obtained here
for the electrical conductivity behaviour of the considered PEO/E8 composite
indicate that this ion conductor may be suitable for thin-film practical applications, e.g., in organic electronics and sensorics, taking into account the valuable
properties of nematic LCs upon electro-magnetic fields. A correlation analysis
of frequency spectra of the key complex electrical and dielectric characteristics
(impedance, ion conductivity, electric modulus, dielectric permittivity, AC conductivity, dielectric loss tangent, dielectric relaxation times) and the structural
properties of PEO/E8 composite, should be useful to fully understand the dynamic behaviour of this ion-dipolar system (work in progress).
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