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Abstract: A bicontinuous cubic (Cubbi) liquid crystalline (LC) phase consisting of three dimensional
(3D) conducting networks is a promising structural platform for ion-conductors. For practical
applications using this fascinating LC structure, it is necessary to suppress crystallization at room
temperature (RT). Herein, we report the Cubbi structure at RT and the morphology–dependent
conduction behavior in ionic samples of a non-crystallizable dendritic amphiphile. In the molecular
design, branched alkyl chains were used as an ionophobic part instead of crystallizable linear
alkyl chains. Two ionic samples with Cubbi and hexagonal columnar (Colhex) LC phases at RT
were prepared by adding different amounts of lithium salt to the amphiphile. Impedance analysis
demonstrated that the Cubbi phase contributed to the faster ion-conduction to a larger extent than the
Colhex phase due to the 3D ionic networks of the Cubbi phase. In addition, the temperature–dependent
impedance and electric modulus data provided information regarding the phase transition from
microphase-separated phase to molecularly mixed liquid phase.

Keywords: liquid crystal; bicontinuous cubic; hexagonal columnar; conductivity; impedance;
electric modulus

1. Introduction

Liquid crystalline (LC) compounds composed of ionophilic and ionophobic blocks can serve as
a promising platform for organic solvent-free electrolyte materials. This is attributed to the unique
physical properties of LC materials as they exhibit segmental mobility at the molecular level and
segregation at the supramolecular level [1,2]. Ordered LC structures are not fluidic, imparting sufficient
mechanical strength for easy handling, which is a prerequisite condition for many material applications.
In addition, LC materials can realize the flexibility of ionophilic coils to achieve comparable properties
to the liquid (Liq) phase, which supports high ionic conductivity.

To enhance the ion-conducting performance of LC electrolytes, engineering of structural features
are important. To date, diverse LC morphologies have been used as electrolytes, including micellar
cubic [3], columnar [4–8], lamellar (Lam) [9–16], and bicontinuous cubic (Cubbi) [17–24] structures.
Among these LC morphologies, 1D columnar and 2D Lam structures with ionophilic cylinders and
layers, respectively, must be macroscopically aligned to achieve better ionic transportation [4–6,8].
In contrast, the Cubbi LC morphology consisting of 3D ionophilic networks showed enhanced ionic
conductivities without macroscopic orientation [17,19,21]. Despite the structural merit of the Cubbi

phase, it is difficult to obtain at room temperature (RT) or lower. In particular, crystallization between
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aromatic groups prevents the Cubbi phase from being obtained at RT. Considering its practical use,
the complete suppression of crystallization would be ideal [25].

To this end, a dendritic amphiphilic compound (AB2) was designed, as presented in Figure 1.
In this molecular design, branched alkyl peripheries, i.e., 2,6-dimethyloctyl chains, were introduced
as the ionophobic part, as the bulky methyl groups may suppress crystallization. For the ionophilic
part, tri (ethylene oxide) (TEO) coils were used, as it is too short to crystallize. Using the synthesized
amphiphile, two electrolyte materials, 1 and 2, with [Li+]/[ethylene oxide, EO] = 0.2 and 0.3, respectively,
were prepared. Consequently, no crystalline phase was observed in either electrolyte material.
Depending on the lithium concentration, the electrolyte materials exhibited hexagonal columnar
(Colhex) and Cubbi phases at RT, while Lam and disordered columnar (Coldis) phases were observed
upon heating. As expected, the Cubbi phase enhanced ionic conduction properties compared to the
1D columnar phase. These morphological and conduction properties were characterized via X-ray
diffraction (XRD) and impedance spectroscopy. This paper also describes the utility of impedance
analysis for the characterization of phase transformation and ionic conduction. Herein, the details
regarding the above-mentioned issues are addressed.
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Figure 1. Molecular structure of the amphiphile AB2 and its corresponding ionic samples prepared by
LiTFSI doping. In this molecular design, the non-crystallizable branched alkyl chains were connected
to the aromatic core to suppress crystallization. EO indicates the ethylene oxide unit.

2. Materials and Methods

2.1. General Methods

The 1H- and 13C-NMR experiments were performed using a Bruker AM 400 spectrometer.
The purities of the compounds were determined via thin-layer chromatography (TLC; Merck, silica gel
60). Differential scanning calorimetry (DSC) measurements were performed using TA Instruments
Q2000 thermal analysis equipment at a rate of 10 ◦C/min. Indium (melting temperature = 429 K
and ∆H = 28.45 J/g) was used as a calibration standard. The XRD measurements were carried out
in transmission mode with synchrotron radiation at the UNIST-PAL 6D beamline of the Pohang
Accelerator Laboratory (PAL), Korea. The samples were placed in a sample holder with polyimide films
on both sides. The XRD data were plotted against q = 4π sin θ/λ. Microanalyses were performed using
a Perkin Elmer 240 elemental analyzer at the Organic Chemistry Research Center, Sogang University,
Korea. A Nikon eclipse LV100 optical polarized microscope equipped with a Linkam TMS 94 heating
system was used to characterize phase transitions and analyze optical textures. Dielectric relaxation
spectroscopy (DRS) measurements were performed using a Solartron Impedance Analyzer (SI 1260).
The sample was measured in an indium tin oxide (ITO) liquid crystal (LC) cell with a thickness of
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5 µm (Linkam, United Kingdom). The LC cell was placed on the homemade heating block, which was
connected to a Test & Probe Hot Chuck Controller. The DRS measurements were performed between
30 and 120 ◦C. From the measured capacitance and loss tangent (tanδ), ε’ (dielectric constant) and ε”
(dielectric loss) were obtained using the following equations: ε’ = C/C0 and tanδ = ε”/ε’. Impedance
experiments were performed using a Solartron Impedance Analyzer. An in-plane cell with a gap of
14 µm between the ITO electrodes was used. The cell constant was determined to be 0.0943 cm−1 by
calibration with a standard solution of KCl (0.0035 M).

2.2. Synthesis

The synthesis of the dendritic amphiphilic molecule (AB2) is described in Scheme 1.
5-(Azidomethyl)-1,2,3-tris(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene and 5-azido-1,2,3-tris((3,7-
dimethyloctyl)oxy)benzene were prepared using similar synthetic procedures as those described
previously [26,27].
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Scheme 1. Synthetic route of the amphiphile AB2.

2.2.1. Synthesis of 4,4’-(5-Bromo-1,3-Phenylene) Bis (1-(3,4,5-Tris ((3,7-Dimethyloctyl) Oxy) Phenyl)
-1H-1,2,3-Triazole) (B2-1)

1-Bromo-3,5-diethynylbenzene (1.68 g, 8 mmol), 5-azido-1,2,3-tris((3,7-dimethyloctyl)oxy)benzene
(10.6 g, 18 mmol), sodium ascorbate (6.14 g, 24.6 mmol), and CuSO4·5H2O (9.75 g, 49 mmol) were
dissolved in a 50 mL tetrahydrofuran (THF) and 20 mL deionized water mixture. The reaction mixture
was stirred for 24 h at 60 ◦C and the solvent was subsequently removed using a rotary evaporator.
The resulting mixture was extracted using chloroform and brine three times, and subsequently dried
over MgSO4. After removing residual chloroform using a rotary evaporator, the resulting mixture was
purified via silica gel column chromatography (silica gel) using methylene chloride (MC) to MC:ethyl
acetate (EA) = 10:1 solvent mixture as the eluent, yielding 8.03 g (72%) of a yellowish solid as the
product. 1H NMR (CDCl3, δ, ppm): 8.42 (s, 1H, Ar-H), 8.29 (s, 2H, Ar-H), 8.07 (d, J = 1.4 Hz, 2H, Ar-H),
6.99 (s, 4H, Ar-H), 4.31–3.88 (m, 12H, Ar-O-CH2-), 2.00–0.95 (m, 78H, -CH2(CH3)CH(CH2)3CH(CH3)2),
0.88 (m, 36H, -CH2(CH3)CH(CH2)3CH(CH3)2).
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2.2.2. Synthesis of 4-(3,5-Bis(1-(3,4,5-Tris((3,7-Dimethyloctyl) Oxy) Phenyl)-1H-1,2,3-Triazol-4-yl)
Phenyl) -2-Methylbut-3-Yn-2-ol (B2-2)

Compound B2-1 (6.6 g, 4.8 mmol), butynol (4.02 g, 48 mmol), Pd(PPh3)4 (0.22 g), and CuI (0.07 g)
were dissolved in a mixture of 20 mL dry triethylamine (TEA), 5 mL diethylamine (DEA), and 5 mL
pyridine. The mixture was heated to reflux for two days with stirring under a N2 atmosphere. After
cooling to RT, the solvent was removed using a rotary evaporator. The mixture was then extracted
using MC and diluted HCl three times. The MC layer was washed with deionized water several times
and dried over MgSO4. The solvent was removed using a rotary evaporator and the crude product was
subsequently purified via sequential silica gel column chromatography using hexane (HX):EA=5:1 to
HX:EA= 3:1 eluents, yielding 4.7 g (70.7%) of the product. 1H NMR (CDCl3, δ, ppm): 8.37 (s, 1H, Ar-H),
8.21 (s, 2H, Ar-H), 7.89 (s, 2H, Ar-H), 6.99 (s, 4H, Ar-H), 4.08–3.93 (m, 12H, Ar-O-CH2-), 1.87–0.89 (m,
84H, -CH2(CH3)CH(CH2)3CH(CH3)2 and C(CH3)2OH), 0.80 (m, 36H, -CH2(CH3)CH(CH2)3CH(CH3)2).

2.2.3. Synthesis of 4,4’-(5-Ethynyl-1,3-Phenylene) bis (1-(3,4,5-Tris ((3,7-Dimethyloctyl) Oxy) Phenyl)
-1H-1,2,3-Triazole) (B2-3)

Compound B2-2 (4.5 g, 3.3 mmol) and NaOH (1.3 g, 33 mmol) were first dissolved in 30 mL of
toluene. The mixture was heated to reflux for 12 h and subsequently cooled to RT. The solvent was
removed using a rotary evaporator and the mixture was extracted with MC and deionized water three
times. The MC layer was then dried over MgSO4 and the residual solvent was removed using a rotary
evaporator. The crude product was then purified via silica gel column chromatography using HX:EA =

5:1 as the eluent, yielding 2.93 g of the product (67.0%). 1H NMR (CDCl3, δ, ppm): 8.41 (s, 1H, Ar-H), 8.21
(s, 2H, Ar-H), 7.97 (s, 2H, Ar-H), 6.92 (s, 4H, Ar-H), 4.07–3.92 (m, 12H, Ar-O-CH2-), 3.10 (s, 1H, C≡CH),
1.86–0.89 (m, 78H, -CH2(CH3)CH(CH2)3CH(CH3)2), 0.80 (m, 36H, -CH2(CH3)CH(CH2)3CH(CH3)2).

2.2.4. Synthesis of 4,4’-(5-(1-(3,4,5-Tris(2-(2-(2-Methoxyethoxy) Ethoxy) Ethoxy) Benzyl)-1H-
1,2,3-Triazol-4-yl)-1,3-Phenylene) bis (1-(3,4,5-Tris((3,7-Dimethyloctyl) Oxy) Phenyl)-1H-1,2,3-Triazole)
(AB2)

Compound B2-3 (2.80 g, 2.1 mmol), 5-(azidomethyl)-1,2,3-tris(2-(2-(2-methoxyethoxy)ethoxy)
ethoxy) benzene (1.09 g, 1.76 mmol), sodium ascorbate (1.4 g, 7 mmol), and CuSO4·5H2O (0.88 g,
3.52 mmol) were dissolved in a mixture of 30 mL THF and 10 mL deionized water. The reaction
mixture was stirred for 24 h at 60 ◦C. The solvent was then removed using a rotary evaporator.
The resulting mixture was extracted using chloroform and deionized water three times, and then
dried over MgSO4. After removing chloroform using a rotary evaporator, the resulting mixture was
purified via sequential silica gel column chromatography (silica gel) from MC to EA to EA:methanol
= 20:1 solvent mixture as eluents, yielding 1.95 g (57.0%) of the product. 1H NMR (500 MHz,
CDCl3, δ, ppm): 8.41 (s, 1H, Ar-H), 8.35 (s, 2H, Ar-H), 8.32 (s, 3H, Ar-H), 6.94 (s, 4H, Ar-H), 6.54
(s, 2H, Ar-H), 5.43 (s, 2H, benzyl-H), 4.14–3.92 (m, 18H, Ar-OCH2CH2O and Ar-O-CH2-), 3.81–3.41
(m, 30H, Ar-OCH2CH2(OCH2CH2)2OCH3), 3.28 (s, 9H, -(OCH2CH2)2OCH3), 1.92–0.90 (m, 78H,
-CH2(CH3)CH(CH2)3CH(CH3)2), 0.81 (m, 36H, -CH2(CH3)CH(CH2)3CH(CH3)2). 13C NMR (125 MHz,
CDCl3, δ, ppm): 152.93, 152.20, 146.41, 137.18, 131.41, 130.67, 124.88, 121.39, 118.16, 117.67, 107.14,
99.01, 98.20, 70.90–66.77 (OCH2), 57.97 (OCH3), 56.32 (N-CH2-Ph), 38.36, 38.25, 36.50, 36.32, 35.28,
28.82, 28.68, 26.98, 23.72, 21.69, 21.61, 21.59, 18.63, 18.59. Anal. Calcd for C112H185N9O18: C, 69.14; H,
9.58; N, 6.48; O, 14.80. Found: C, 68.71; H, 9.62; N, 6.37.

2.2.5. Preparation of the Ionic Samples

The ionic samples were prepared by mixing 0.2 g of amphiphile (AB2) with an appropriate volume
of lithium bis(trifluoromethane)sulfonimide (LiTFSI) solution (0.035 M in dry THF), followed by the
slow evaporation of the solvent under reduced pressure at RT. The samples were subsequently dried
in a vacuum oven at 80 ◦C for 24 h until a constant mass was reached.
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3. Results

3.1. Thermotropic Properties

The dendritic amphiphile (AB2) exhibited no LC phase, only a viscous Liq phase. In the
DSC thermogram of AB2, no melting transition was observed (Figure 2a), in marked contrast to
previous crystallizable compounds based on linear alkyl chains [18,28,29]. Therefore, the use of the
non-crystallizable alkyl peripheries is an efficient approach to prevent crystallization.
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Figure 2. (a) DSC thermograms of the amphiphile AB2 and its ionic samples upon heating at a scanning
rate of 10 ◦C/min. (b) POM images of ionic sample 1 upon heating. The dark domains in the fan-like
background correspond to the Cubbi phase. Colhex, hexagonal columnar; Cubbi, bicontinuous cubic;
Coldis, disordered columnar; Lam, lamellar; Liq, Liquid phase.

Unlike AB2, its ionic samples exhibited thermodynamically stable LC phases at RT (Figure 2a).
For ionic sample 1 with [Li+]/[EO] = 0.2, no distinct transition was observed in the DSC thermogram,
likely because the transitional enthalpy changes were quite small. Instead, the LC formation and phase
transition properties were assigned using polarized optical microscopy (POM). The POM image of 1
showed a fan-like texture at RT (Figure 2b), suggesting the formation of a Colhex LC phase [30]. This LC
morphology was further characterized using small and wide-angle X-ray diffraction (SAXRD and
WAXRD) measurements. The SAXRD spectrum of 1 at RT exhibited four reflections which could be
indexed to the (100), (110), (200), and (210) planes of the 2D hexagonal lattice (Figure 3a). In the WAXRD
data, a halo was observed at q = 1.33 Å−1 (Figure 3c). Based on the POM and XRD results, the LC phase
of 1 at RT was determined to be a Colhex phase. From the primary reflection, the intercolumnar distance
(a) was estimated to be 60.5 Å (Figure 4a). Considering that the fully stretched molecular length is
43.8 Å (Figure 1), the intercolumnar distance of the Colhex is significantly large, indicating bilayered
packing in the columnar slice. In this packing structure, the columnar core was composed of ionophilic
oligo(ethylene oxide) coils and lithium salts, while the matrix was occupied by ionophobic alkyl chains.
Therefore, unfavorable contact areas between immiscible segments were minimized. The number
(N) of molecules in a columnar slice of the Colhex phase of 1 was determined using the relation, N =

(
√

3a2hNAρ)/2M, where a, h, M, NA, and ρ are the intercolumnar distance, columnar stratum, molecular
weight, Avogadro’s number and density (1.07 g/cm3), respectively. The density was obtained using
the densities of the molecule [31,32] and LiTFSI of 1.0 and 1.33 g/cm3, respectively. The columnar
stratum was obtained from the d-spacing (4.72 Å) of the halo reflection obtained from the WAXRD data
(Figure 3c). Consequently, the calculated N value of the Colhex phase of 1 was approximately four.
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Upon heating 1, small dark domains grew in a fan-like texture, as shown in the POM image
(Figure 2b). In the SAXRD data at 50 ◦C, additional reflections appeared with the 2D hexagonal
pattern. These reflections fitted well to the indexed (220), (321), (420), and (332) planes of a Cubbi

with Ia3d symmetry (Figure 2a). Considering the molecular composition, the major matrix and minor
3D cylindrical networks of the Cubbi phase consisted of ionophobic alkyl chains and ionophilic TEO
plus lithium salts, respectively (Figure 4). Based on the obtained SAXRD data, the two LC phases
coexisted at 50–70 ◦C. Upon further heating to > 80 ◦C, the POM image became optically isotropic over
the entire area. Although the primary reflection broadened, the second reflection was still observed
(Figure 3a). This indicates a microphase-separated columnar structure (Coldis) with reduced long-range
order [33,34]. The second reflection disappeared at 110 ◦C, indicating a molecularly mixed Liq state.

In contrast, ionic sample 2 with [Li+]/[EO] = 0.3 exhibited no birefringence at RT from the POM
observation. In the SAXRD data, eight sharp reflections were observed (Figure 3b) with a broad halo in
the WAXRD data (Figure 3c). The reflections were indexed as the lattice planes of the Cubbi phase.
From the d-spacing of the (211) reflection, the best fit value for the cubic lattice parameter (a) was
estimated to be 135.6 Å [35]. Upon heating, the XRD pattern at 100 ◦C exhibited two reflections with a
q-spacing ratio of 1:2, suggestive of a phase transition to a Lam phase. The periodic lamellar thickness
was estimated to be 55.1 Å. The structural transformation might be attributed to the larger lateral
expansion of the flexible TEO coils during heating [35].

3.2. Ion-Conducting Properties Using Impedance Analysis

To examine the ionic conducting properties of 1 and 2, their impedance properties were investigated
using an AC impedance analyzer. Nyquist plots were obtained over a frequency range of 50 Hz to 1
MHz at various temperatures. The Z’ and Z” values correspond to real and imaginary impedance
components, respectively. Figure 5a shows the shape of Nyquist plots in the LC states. The Nyquist
plots exhibited a semicircular shape in the high frequency region and a vertical line in the low
frequency region. The vertical line indicated the formation of an electric double layer (EDL) at the
electrode/electrolyte interface, which is a phase constant element (CPE). The total resistance (Rtotal)
consisted of the resistance (Rphilic) in the ionophilic TEO part and the resistance (RIF) arising from the
interfacial 1,2,3-triazolyl groups between the ionophilic and ionophobic parts. Because 1,2,3-triazolyl
unit is well-known to coordinate lithium ion (Figure 5b) [27,36], it is also able to involve the ionic
transport. The molecular dynamics of 1,2,3-triazolyl and TEO parts were examined using DRS. In the
DRS spectrum, only a relaxation mode was observed over a frequency range of 10–10000 Hz [Figure 5b].
This mode corresponded to the molecular reorientational mode of triazolyl unit [27]. On the other
hand, the dynamic motions of ionophilic TEOs were too rapid to be observed in the experimental
frequency range. Therefore, the ionic motions associated with slower triazolyl group at the interface
were retarded, causing the semicircular signal in the impedance spectrum.
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As the ionic pathway becomes more complicated, the RIF may be more significant, because lithium
ions encounter the interfacial area more frequently. Considering these components, the equivalent
circuit of the LC phases consisted of a parallel RC element and CPE (Figure 5a). Therefore, the ionic
transportation of the non-aligned samples should be dependent on the morphological features. Indeed,
morphology–dependent ionic conduction behavior was identified in the Nyquist plots of samples 1
and 2 at 30 ◦C (Figure 5c). The Rtotal of 1 consisting of 1D conducting cylinders was 3.48 times higher
than that of 2 consisting of 3D conducting networks. Under applied E-field perpendicular to electrodes,
the 3D ion-conducting networks in the Cubbi phase led to a shortcut parallel to the E-field direction,
minimizing the interaction with interfacial triazolyl groups (Figure 5d). In contrast, for the columnar
sample, 1D ion-conducting cylinders were not parallel to the E-field direction, causing longer ionic
pathways (Figure 5e). In the situation, ionic movement was inevitably hindered at the interface. Using
the following equation: σ = 1/Rbulk × cell constant (0.0943 cm−1), the direct current (DC) conductivities
(σ) of 1 and 2 at 30 ◦C were calculated to be 3.92 × 10−6 and 1.37 × 10−5 Scm−1, respectively.

Moreover, the conductivities of 1 and 2 were examined as a function of temperature (Figure 5f).
At the lower temperatures (30–45 ◦C), the conductivity of 2 was noticeably higher than that of
1. However, the conductivities became more similar at approximately 50 ◦C. According to the
above-mentioned structural analysis, the Cubbi structure of 1 initially formed at > 50 ◦C. Although the
Cubbi phase was mixed with Colhex in 1, the resulting conductivity data suggest that 3D continuous
channels connected 1D cylinders, forming a comparable ionic pathway of the mixed phases to that in
the homogeneous Cubbi phase of 2.

In addition to the conductivity data, impedance study of the ionic LC samples is useful for
understanding the nature of the ion-conducting phase and assigning structural transformation with
increasing temperature. Figure 6a shows the Nyquist plots of 1 at various temperatures. With increasing
temperature, the Rtotal decreased. These temperature dependent changes indicated that the ionophilic



Crystals 2020, 10, 193 9 of 12

TEOs were gradually mixed with the ionophobic segments, causing the interfaces to become less
distinct at higher temperatures, allowing ions to penetrate the ionophobic region. Notably, in Liq
phase where the semicircle disappeared, which indicated no interface effect.
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It should be noted that a semicircular shape in the Nyquist plot of 1 remained even in the optically
isotropic temperature range of 80–100 ◦C (Figure 6a). Thus, the microphase-separated domains
which lacked long-range packing order were still maintained [27,38,39]. This impedance result was
consistent with the X-ray data of the Coldis phase. The semicircle signal disappeared upon Liq phase
formation where no second reflection was observed in the XRD data (refer to the XRD pattern at
110 ◦C in Figure 3a). The Coldis-to-Liq phase transition was difficult to assign using the conventional
POM technique, because both phases are optically isotropic. Thus, impedance analysis is a useful
alternative for phase transition assignment in LC materials. As above-mentioned, morphology affects
ionic conduction over long distances. To clarify ionic conductions over short (higher frequency) and
long (lower frequency) distances, electric modulus parameters were examined: M* = M’ + jM” =

jωε0Z*, where ω, ε0, and Z* are the angular frequency, vacuum dielectric constant, and impedance,
respectively. M” (electric loss modulus) reflects the energy loss under the E-field, providing information
regarding the individual components of the ionic conduction mechanism because the absorption
peak in M” indicates the relaxations of ions in the electrolytes [40–42]. In the M” spectra of 1 at
30 ◦C, two relaxation modes were observed as a peak and a shoulder in the low and high frequency
regions, respectively (Figure 6b). The flat region at M” = 0 in the low frequency range reflects the EDL.
Because the absorption peak at low frequencies represents ion movement over long distances, it was
attributed to the interface effect. This peak shifted to higher frequencies with increasing temperature
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and became diffuse. Nevertheless, it is clear that the onset frequency of increased M” shifted to a
higher frequency. Finally, the M” spectra at 100 and 110 oC became identical. This indicates the
deterioration of the interface effect. Consequently, electric modulus analysis confirmed the Coldis-to-Liq
transition temperature.

4. Conclusions

In summary, a dendritic amphiphile consisting of branched alkyl peripheries and TEO coils was
designed and synthesized. Because of the branched chains, non-crystallizable electrolyte materials were
prepared. Electrolyte 1 with [Li+]/[EO] = 0.2 exhibited a Colhex phase at RT, while electrolyte 2 with
[Li+]/[EO] = 0.3 exhibited a Cubbi phase at RT. The RT conductivity of the Cubbi in 2 was approximately
three times higher than that of the Colhex in 1. The temperature–dependent conductivity of 1 and 2
demonstrated that the 3D connectivity of the Cubbi predominantly contributed to the enhanced ionic
transportation. In addition to the determination of the conductivity, the impedance analyses including
the Nyquist plot and electric loss modulus were used to characterize the phase transitions.
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