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A B S T R A C T

Dendronised poly(2-oxazoline) hybrid membranes were prepared by solution impregnation and phase inversion 
precipitation. Dielectric Thermal Analysis (DETA) was used to investigate the effect of the annealing temperature 
on the dielectric properties of these Side-Chain Liquid-Crystalline Polymers (SCLCPs). Independent of the 
different thermal treatments, the poly(2-oxazoline) hybrid membranes show similar dielectric spectra containing 
the same four relaxation mechanisms (γ-, αTg-, αClear-, and ρ-relaxation). The thermal orientation reduces the 
activation energy of the γ-relaxation, by modifying the steric hindrance of the associated aliphatic side chains. 
Aligning the polymer chains to each other, due to thermal annealing, leads to a less fragile structure. This 
reduced cooperativity decreases the temperature of the αTg-relaxation, related to the glass transition. The highly 
ordered structure of the oriented membranes increases the activation energy and temperature of the αClear- 
relaxation, associated with the freeing movement of the mesogenic side groups, especially in the homeotropically 
aligned membrane. The random orientation decreases the electron conductivity and its thermal activation, while 
the homeotropic alignment results in an increase, due to the orientation of the columns. The thermal orientation 
of SCLCPs leads to differences in the temperature dependence and cooperativity of the molecular relaxations and 
the conductive properties, providing valuable insights into their molecular structure and arrangement.

1. Introduction

For many years, the majority of Proton Exchange Membrane Fuel 
Cells (PEMFCs) are utilising perfluorosulfonic acid polymers, such as 
Nafion®, due to their excellent conductive properties and high stability 
[1]. However, their high production costs, alcohol crossover problem, 
limited operating temperature (0–100 ◦C), and water management is
sues [2,3] are driving researchers to seek alternative solutions.

Side-Chain Liquid-Crystalline Polymers (SCLCPs) have attracted a 
great deal of interest in recent years due to their unique properties 
associated with their combined state between an isotropic liquid and an 
ordered crystal [4]. Typically, the structure of SCLCPs consists of a 
polymer chain and comb-like mesogenic groups that are attached 
through flexible spacers [5]. The spacer decouples the motions of the 
mesogenic group from those of the polymer backbone, enabling the 
formation of the mesophase [6]. Due to the aromatic moieties in the 
dendron groups, they can self-assemble into columnar structures with 

internal channels that are capable of selectively transporting ions [7–9].
In SCLCPs, the main chain containing heteroatoms such as oxygen or 

nitrogen can provide a permeation pathway for proton hopping without 
the need for water [10]. This could lead to high anhydrous proton 
conductivity, simplify the water management, and increase the tem
perature of operation of PEMFCs. The homeotropic alignment of the 
columns perpendicular to the substrate surface can further enhance the 
proton transport in SCLCPs, due to the optimised arrangement of the 
ionic channels [11].

A detailed study of the dielectric properties of liquid crystal polymers 
is important to understand their unique behaviour and to expand their 
range of applications. Dielectric Thermal Analysis (DETA) is a suitable 
technique to study the thermal activation and cooperativity of molecular 
dynamics and provide valuable information about the molecular struc
ture and arrangement of SCLCPs [12].

During the last decade the authors have investigated the influence of 
dendron amount, spacer flexibility, and thermal orientation on the 
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dielectric properties of SCLCPs based on poly[2-(aziridin-1-yl)ethanol] 
(PAZE) [13,14] and poly(epichlorohydrin) (PECH) [15–17]. In each 
study, modification of the polymer chain with the tapered unit 3,4,5-tris 
[4-(n-dodecan-1-yloxy)bezyloxy] leads to liquid crystal behaviour, 
resulting in columnar structures. The heteroatoms situated in the poly
mer backbone have been shown to successfully form a permeation path 
along the columns, facilitating cation transport. In particular, the 
nitrogen-containing SCLCPs based on polyamines show high proton 
conductivities, although they exhibit poor mechanical properties. The 
studies highlighted the importance of the order and regularity of the 
tapered dendron, the effect of the spacer, and the proper thermal 
annealing to achieve a homeotropic alignment of the columns. Thermal 
orientation is fundamental for optimizing the anisotropic charge trans
port properties of SCLCPs, yet its precise influence at the molecular level 
requires further investigation.

In this study, a different Side-Chain Liquid-Crystalline Polymer is 
synthesised from the monomer 2-(3,4,5-tris(4-dodecyloxybenzyloxy) 
phenyl)-4,5-dihydro-1,3-oxazole (TAPOx), which is expected to offer 
several advantages: 

i) The oxazoline unit allows performing a living ring-opening 
polymerisation in which a narrow molar mass distribution can 
be achieved by precise control of the reaction’s advance [18].

ii) It has a tapered group on each repeating unit and allows for the 
formation of a polymer with a highly regular structure [19].

iii) It has nitrogen in the polymer backbone which should allow for 
good proton transport due to its proton donor capabilities [20].

Poly(2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-oxazoline) has 
been synthesised with a degree of polymerisation of 40. Due to the 
dendronised poly(2-oxazoline)’s poor mechanical properties, it was 
incorporated into a polyester support by solution impregnation. Three 
dendronised poly(2-oxazoline) hybrid membranes were prepared from 
the same polymer batch, each subjected to different thermal orientation 
treatments: One membrane remained unoriented, while the other two 
were oriented at distinct annealing temperatures. Compared to other 
dielectric studies on SCLCPs, the chemical composition of these samples 
is identical, with structural differences arising only from their orienta
tion treatment. This allows for an isolated investigation of how polymer 
column alignment influences dielectric properties. Thermal annealing 
may modify the orientation of the polymer chain and the mesogenic side 
groups, potentially altering the dielectric behaviour and molecular 
relaxation mechanisms. Comprehensive dielectric characterisation of 
the liquid-crystalline poly(2-oxazoline) membranes was performed to 
study their self-assembly and thermal orientation at the molecular level, 
in order to understand their ion-transport properties.

2. Experimental

2.1. Materials

The monomer 2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-4,5- 
dihydro-1,3-oxazole (TAPOx) was synthesised by the authors of this 
work [21]. Methyl trifluoromethanesulfonate (MeOTf, ≥98 %), chlo
robenzene (≥99 %), and tetrahydrofuran (THF, ≥99 %, 250 ppm BHT 
inhibitor) were supplied by Sigma Aldrich (St. Louis, USA). Morpholine 
(99 %) was purchased from Alfa Aesar (Haverhill, USA). Potassium 
hydroxide (KOH, 90 %) was acquired from Scharlab (Barcelona, Spain). 
The polyester fabric used as a support is Hollytex® (22 g/cm2).

2.2. Preparation of hybrid poly(2-oxazoline) membranes

The preparation of the Side-Chain Liquid-Crystalline Polymer 
(SCLCP) poly(2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)2-oxazoline) 
is described in detail elsewhere [22]. In summary, the monomer TAPOx 
was melted at 105 ◦C and then dry chlorobenzene was added to reach a 
concentration of 1.0 M. Next, a specific amount (0.135 M) of the initiator 
(MeOTf) was added to achieve a degree of polymerisation (DP) of 40. 
When the 1H NMR spectrum indicated that the reaction was almost 
finished (conversion ≥93 %), an excess of the terminating agent mor
pholine was added. Finally, the mixture was precipitated twice in a cold 
KOH solution (0.1 M) and dried under vacuum at 50 ◦C. Fig. 1 shows the 
chemical structure of dendronised poly(2-oxazoline).

The hybrid poly(2-oxazoline) membranes were prepared by solution 
impregnation and phase inversion precipitation. First, 50.0 mg of 
dendronised poly(2-oxazoline) was dissolved in THF to reach a con
centration of 30 wt%. The solution was then poured over the polyester 
support (Ø = 20 mm), that was placed on top of glass substrates. The 
impregnated fabrics were immersed in a Milli-Q water bath for 15 min 
and then dried at air overnight. The prepared poly(2-oxazoline) hybrid 
membranes had a thickness of 220 ± 10 μm and a density of approxi
mately 1.18 g/cm3.

2.3. Thermal orientation of the membranes

The liquid-crystalline poly(2-oxazoline) hybrid membranes, pre
pared from the same polymer batch, were subjected to different thermal 
treatments to achieve homeotropic alignment of the columns. The 
hybrid membranes were placed on a Linkam Scientific (Redhill, UK) 
TP92 temperature measurement stage and heated to 150 ◦C, well above 
the clearing temperature of dendronised poly(2-oxazoline) (TClear =

74 ◦C) [22]. They were kept at this temperature for 30 min before 
cooling down (0.5 K/min) to the annealing point. Different annealing 
temperatures were chosen for the membranes to study the influence on 
the columnar orientation. Table 1 lists the three poly(2-oxazoline) 

Fig. 1. Chemical structure of dendronised poly(2-oxazoline).

Table 1 
Annealing temperature used during thermal treatment and orientation of the 
dendronised poly(2-oxazoline) hybrid membranes.

Membranes Annealing temperature (◦C) Orientation

PTOx – –
PTOx RO 73 Random
PTOx HO 69 Homeotropic
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hybrid membranes of this study, the annealing temperature used during 
thermal treatment, and the orientation achieved. After 24 h the hybrid 
membranes were slowly cooled (0.1 K/min) to room temperature.

Guardià et al. investigated the orientation of the dendronised poly(2- 
oxazoline) membranes of this study using X-ray Diffraction (XRD) [20]. 
They observed homeotropic alignment of mesogenic poly(2-oxazoline) 
when annealed at 69 ◦C (PTOx HO). In contrast, the membrane PTOx 
RO annealed at 73 ◦C, did not achieve homeotropic alignment and 
instead showed a broad peak in the azimuthal XRD scan, possibly due to 
random orientation of the columns. The annealing temperature of 73 ◦C 
was too close to the clearing transition of dendronised poly(2-oxazoline) 
(TClear = 74 ◦C), providing an excess of energy [22]. This may have 
exceeded the level required for homeotropic alignment, preventing the 
columns from reaching equilibrium and leading to a random orientation.

2.4. Physico-chemical characterisation

2.4.1. Dielectric Thermal Analysis (DETA)
Dielectric measurements of the dendronised poly(2-oxazoline) 

hybrid membranes were conducted in a Broadband Dielectric Imped
ance Spectrometer from Novocontrol Technologies GmbH & Co. KG 
(Montabaur, Germany). The sample membranes were placed between 
two stainless-steel electrodes (10 mm diameter) and mounted in the BDS 
1200 dielectric test cell. A frequency range from 10− 2 Hz to 107 Hz with 
up to 10 points per decade was screened with the Alpha A analyser. 
Measurements were performed under isothermal conditions in 
increasing 10 ◦C steps ranging from − 130 ◦C to 150 ◦C using the 
QUATRO Cryosystem. An inert nitrogen atmosphere was used to avoid 
sample oxidation. The software WinFIT (3.4) from Novocontrol was 
used for the acquisition and processing of the dielectric data.

2.5. Theory section

The dielectric properties of the liquid-crystalline poly(2-oxazoline) 
hybrid membranes in this work were analysed in terms of the real and 
imaginary part of the permittivity (ε′, ε″), the loss factor (tan(δ)), and the 
imaginary part of the electric modulus (M"). The dielectric relaxations 
were obtained by deconvoluting the ε″-spectra using Havriliak-Negami 
functions, employing the Charlesworth method [23,24]. The mode 
relaxation times (τmax) were obtained from the peak of each relaxation 
process at each temperature following the deconvolution.

These relaxation times, represented as maximum frequency (fmax =

1/(2⋅π⋅τmax), are plotted against the reciprocal temperature in an 
Arrhenius map. Linear processes are fitted to the Arrhenius function, and 
processes with a non-linear temperature dependence are fitted to the 
Vogel–Fulcher–Tammann–Hesse (VFTH) function, according to Eqs. (1)
and (2), respectively [25]. 

fmax = f0⋅exp
(
− Ea

R⋅T

)

(1) 

where f0 is a pre-exponential factor, Ea is the apparent activation energy, 
and R is the universal gas constant (R = 8.314 J⋅K− 1⋅mol− 1). 

fmax = f0⋅exp
(
− D⋅TV

T − TV

)

(2) 

where TV is the Vogel temperature, and D is the fragility parameter, 
describing the deviation from a linear temperature dependency.

In addition, the VFTH fit permits the determination of the thermal 

expansion coefficient (α), according to Eq. (3) [26,27]. 

α =
1

D⋅TV
(3) 

To study the macromolecular nature of the dielectric relaxations, the 
Eyring model at 1 Hz was applied (Eq. 4) [28]. 

Ea = R⋅T⋅[22.92+ ln(T) ] (4) 

In this model, intramolecular relaxations that exhibit no interactions 
with neighbouring entities fall close to the zero-entropy line. In contrast, 
relaxations of intermolecular origin involve interactions with neigh
bours, resulting in cooperative effects and an increase in activation 
energy.

The electron conductivity of the dendronised poly(2-oxazoline) 
membranes can be studied by applying Jonscher’s power law (Eq. 5) 
to the modulus of the conductivity (|σ|) [29]: 

σ(ω) = σdc +Aωn (5) 

where σDC is the direct current (DC) conductivity and Aωn is the alter
nating current (AC) conductivity component, where A is a pre- 
exponential constant and n is the fractional exponent in the range 0 <
n ≤ 1. At low frequencies the AC component is absent and the frequency- 
independent electron conductivity (σelec) can be determined from the DC 
plateau [30].

3. Results and discussion

3.1. Dielectric analysis of dendronised poly(2-oxazoline) hybrid 
membranes

3.1.1. Phenomenological analysis of the dielectric spectra
The dielectric spectra of the liquid crystal poly(2-oxazoline) hybrid 

membranes are represented in three-dimensional plots of the imaginary 
part of the permittivity (ε″) and isochronal plots of the imaginary part of 
the electric modulus (M") in Fig. 2.

The poly(2-oxazoline) hybrid membranes show a similar three- 
dimensional imaginary permittivity (ε″) spectrum with the same char
acteristics, regardless of their different thermal treatment. The imagi
nary part of the electric modulus (M") masks the conductivity 
contribution at high temperatures and provides improved isolation of 
the relaxation processes [31].

The three dendronised poly(2-oxazoline) materials show the same 
four relaxation mechanisms in the dielectric spectra between − 130 ◦C 
and 150 ◦C. The detected processes were assigned the names γ-relaxa
tion, αTg-relaxation, αClear-relaxation, and ρ-relaxation, in order of 
increasing temperature. These molecular relaxations were also found by 
our research group for similar LCSCPs, containing the same mesogenic 
side group [13,15–17].

The γ-relaxation is attributed to local motions of the aliphatic ter
minal chain connected to the benzyloxy group of the dendrimer side 
group. The αTg-relaxation represents the glass-rubber transition of the 
poly(2-oxazoline) membranes, through which the polymer segments can 
begin to rearrange. Subsequently, the αClear-relaxation is related to the 
freeing motions of the entire mesogenic side group around its short axis 
[12]. This relaxation is closely related to the clearing transition of the 
mesophase, where the columnar structure of the polymer gets dis
assembled, due to the thermally induced motions of the mesogenic 
group. As a result, the polymers lose their liquid crystalline (smectic) 
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order and become isotropic.
At high temperatures, another ρ-relaxation can be found in the low- 

frequency region, which is attributed to a Maxwell-Wagner-Sillars 
(MWS) polarisation. This interfacial polarisation is typically found in 
heterogeneous materials where charges can accumulate at boundaries 
between two regions with different permittivity [12].

Fig. 3 represents the structure of dendronised poly(2-oxazoline) and 
the main dielectric relaxation mechanisms, as well as the proposed 
structural parts to which they belong. In addition, the figure includes a 
schematic representation of the self-assembly of liquid-crystalline poly 
(2-oxazoline) into a columnar structure and the homeotropic alignment 
due to thermal orientation.

3.1.2. Cooperativity of the dielectric relaxations
In order to understand the structural conformation of the different 

poly(2-oxazoline) membranes, the spectra of the imaginary permittivity 
(ε″) were deconvoluted with Havriliak–Negami (HN) functions to obtain 
the relaxation times of each process [23]. Furthermore, the coopera
tivity of the dielectric relaxations is investigated according to the Eyring 
model (Eq. 4) [28]. Assuming a linear relation between the relaxation 
time and inverse temperature, the activation energy (Ea) was calculated 
for each of the previously mentioned processes and is represented in 
Fig. 4.

As can be appreciated in the Eyring plot, the αClear-relaxation exhibits 
two linear regions, one below the clearing transition (αClear,I) and 
another one above (αClear,II). The side-chain liquid-crystalline poly(2- 
oxazoline) membranes show three processes (γ-, αClear,II, and 

Fig. 2. (A) 3D plots of the imaginary part of the permittivity (ε″) and (B) isochronal plots of the imaginary electric modulus (M") of the dendronised poly(2- 
oxazoline) membranes.
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ρ-relaxation) close to the zero-entropy line and two processes (αTg- and 
αClear,I-relaxation) with a significant deviation.

Local motions, such as the γ-relaxation, are usually not sterically 
hindered by neighbouring entities and do not have a cooperative effect. 
However, relaxations representing phase transitions such as the glass 
transition (αTg) typically show a cooperative contribution. The motion of 
a segment is constrained by both intramolecular and intermolecular 
interactions, due to the connectivity of the polymer chain and the steric 

hindrance from neighbouring segments [32]. Likewise, the αClear-relax
ation below the clearing transition temperature (αClear,I, T < 74 ◦C) 
displays a cooperative contribution because the liquid-crystalline poly 
(2-oxazoline) membranes are in the smectic phase where the molecules 
are strongly ordered. This highly crystalline state restricts the rotational 
and translational mobility leading to an increased activation energy of 
the αClear-motion [12]. After undergoing the clearing transition (αClear,II, 
T > 74 ◦C), the polymer becomes isotropic, and the relaxation signifi
cantly loses its cooperativity.

3.1.3. Analysis of the γ-relaxation
For all the poly(2-oxazoline) hybrid membranes, the γ-relaxation 

was found at in the scanned frequency range between − 130 ◦C and 
− 70 ◦C. Fig. 5-(A) shows the isochronal plot of the imaginary permit
tivity (ε″) at 105 Hz of the membranes.

The peak of the three poly(2-oxazoline) membranes occurs at the 
same temperature in the isochronal plot and shows a comparable 
relaxation time distribution. However, the thermal orientation increases 
the height of the peak, which is more prominent in the homeotropic 

Fig. 3. Main dielectric relaxation processes as well as schematic representation of the self-assembly and homeotropic alignment of dendronised poly(2-oxazoline).

Fig. 4. Eyring plot of the relaxation mechanisms of the dendronised poly(2- 
oxazoline) hybrid membranes at 1 Hz.

Fig. 5. (A) Isochronal plot of the imaginary part of the permittivity (ε″) at 105 Hz and (B) Arrhenius map of the γ-relaxation of the dendronised poly(2-oxazoline) 
hybrid membranes.

Table 2 
Arrhenius fit values of the γ-relaxation of the dendronised poly(2-oxazoline) 
membranes.

γ-relaxation

T1Hz (◦C) Ea (kJ/mol) R2

PTOx − 153.9 39.0 0.998
PTOx RO − 154.7 37.6 0.997
PTOx HO − 158.9 33.3 0.994
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aligned membrane (PTOx HO) than in the random oriented membrane 
(PTOx RO).

Fig. 5-(B) represents the relaxation time of the γ-relaxation as a 
function of inverse temperature. A linear temperature dependence of the 
γ-relaxation was found and was therefore adjusted to the Arrhenius 
model (Eq. 1), with the results of the fit being summarised in Table 2.

The three dendronised poly(2-oxazoline) membranes show activa
tion energies between 33.3 and 39.0 kJ/mol, typical of local molecular 
arrangements of intramolecular nature. These Ea-values are comparable 
with the results obtained for liquid crystal poly(epichlorohydrin) 
(PECH) [17] and poly[2-(aziridin-1-yl)ethanol] (PAZE) membranes 
[13], containing the same dendrimer unit. According to these findings, 
the γ-relaxation is associated to motions of the terminal aliphatic chain 
of the mesogenic side unit. However, in contrast to the PECH and PAZE 
materials, the activation energy of dendronised poly(2-oxazoline) 
membranes decreases with thermal orientation.

The dendronised poly(2-oxazoline) membranes of this study have a 
shorter spacer length in comparison to the PECH and PAZE materials. 
The spacer connects the mesogenic unit with the polymer backbone and 
its length has an important influence on the mobility of the SCLCPs 
components [6]. The shorter spacer length of the poly(2-oxazoline) 
membranes in this study leads to a slightly increased activation energy 
of the γ-relaxation, due to the steric hindrance and less flexible side 
group.

The homeotropic and random orientation of the liquid-crystalline 
poly(2-oxazoline) membranes reduces the steric hindrance of the 
mesogenic side groups as they seek maximum distance between each 
other. Therefore, the aliphatic terminal chains are less constrained and 
more mobile, requiring less energy to induce the related γ-relaxation. 
This effect is stronger for the homeotropic oriented membrane (PTOx 
HO) annealed at 69 ◦C in comparison to the random oriented membrane 
(PTOx RO), because its annealing temperature of 73 ◦C is closer to the 
clearing transition (TClear = 74 ◦C) [20].

3.1.4. Analysis of the αTg-relaxation
The αTg-relaxation, commonly attributed to the glass transition of the 

polymer, is found between − 50 ◦C and 40 ◦C for the three poly(2- 
oxazoline) membranes. Fig. 6-(A) shows the isochronal plot of the 
imaginary part of the permittivity (ε″) plot at 104 Hz. In addition, the 
plot include the calorimetric glass transition of dendronised poly(2- 
oxazoline) (Tg = − 12 ◦C) [22].

The αTg-relaxation peak of the dendronised poly(2-oxazoline) 
membranes at a frequency of 104 Hz falls within a similar temperature 
range as the calorimetric glass transition. The thermal treatment orients 
the polymer chains, which slightly shifts the αTg-relaxation to lower 
temperatures and reduces the peak height. Zhong et al. likewise found a 
reduction of dielectric strength of the glass transition of SCLCPS by 

homeotropic alignment [5,6].
Fig. 6-(B) plots the relaxation time of the αTg-relaxation of the 

dendronised poly(2-oxazoline) membranes in an Arrhenius map. A non- 
linear temperature dependency was found for the αTg-relaxation, con
firming the assignment to the glass-rubber transition. Accordingly, the 
dendronised poly(2-oxazoline) hybrid membranes are adjusted to the 
VFTH function (Eq. 2). Table 3 contains the Vogel temperature (TV), 
relaxation frequency (log(f0)), the dynamic fragility parameter (D), and 
the thermal expansion coefficient (α) from the VFTH fit.

The dendronised poly(2-oxazoline) membranes exhibit Vogel tem
peratures (TV) between 236.9 and 251.4 K. The Vogel temperature de
scribes the behaviour of polymers near the glass transition and is 
typically 40 K lower than the calorimetric Tg [12]. Accordingly, the 
dielectric glass transition (Tg,dielectric) of the poly(2-oxazoline) mem
branes occurs between 3.8 and 18.3 ◦C, which is slightly higher than the 
calorimetric value (Tg,calorimetric) of − 12 ◦C [22].

The dynamic fragility parameter (D) measures the fragility of ma
terials. According to the classification by Angell, all three poly(2- 
oxazoline) membranes of this study can be considered fragile mate
rials (D < 6) [33]. Fragile materials exhibit abrupt changes in their 
physical properties as they approach the glass transition. However, the 
homeotropic and random orientation of the hybrid membranes makes 
the mesogenic poly(2-oxazoline) slightly less fragile, as can be seen in 
the increase of the D-values. In addition, the αTg-relaxation of the 
homeotropically and randomly oriented poly(2-oxazoline) membrane 
shows a higher relaxation frequency (log(f0)) and a lower Vogel tem
perature (TV) compared to the unoriented membranes. The same results 
were found for homeotropically oriented polyvinyl-ether-based cyano- 
biphenyl SCLCPs [5].

The thermal treatment applied to the liquid-crystalline poly(2-oxa
zoline) aligns the polymer segments towards each other and therefore 
reduces the cooperativity between the chains. This justifies the 
displacement of the αTg-relaxation towards lower temperatures, the 
lower thermal expansion coefficient (α), and the slight reduction of 
cooperativity found in the Eyring plot (see Fig. 4).

Fig. 6. (A) Isochronal plot of the imaginary part of the permittivity (ε″) at 104 Hz and (B) Arrhenius map of the αTg-relaxation.

Table 3 
VFTH fit values of the αTg-relaxation of the dendronised poly(2-oxazoline) 
membranes.

αTg-relaxation

TV (K) log(f0) D α⋅104 R2

PTOx 251.4 ± 0.7 6.89 ± 0.06 0.36 ± 0.03 109.6 0.998
PTOx RO 236.9 ± 0.5 7.49 ± 0.04 0.62 ± 0.03 68.4 0.999
PTOx HO 237.5 ± 1.3 7.68 ± 0.12 0.66 ± 0.08 64.2 0.997

M.H. Wolf et al.                                                                                                                                                                                                                                 Reactive and Functional Polymers 213 (2025) 106268 

6 



3.1.5. Analysis of the αClear-relaxation
The αClear-relaxation of the dendronised poly(2-oxazoline) hybrid 

membranes was found in the analysed frequency range between 40 ◦C 
and 150 ◦C. Fig. 7-(A) shows the isochronal plot of the imaginary 
permittivity (ε″) at 104 Hz of these membranes including the calori
metric clearing transition of dendronised poly(2-oxazoline) (TClear =

74 ◦C) [22].
The peak of the αClear-relaxation at a frequency of 104 Hz is in close 

proximity to the calorimetric clearing transition of dendronised poly(2- 
oxazoline) and is therefore assigned to the freeing movements of the 
entire mesogenic side group around its short axis. These motions are 
responsible for the clearing transition of the liquid-crystalline polymers, 
as they disassemble the columnar structure and turn isotropic. The 
homeotropic and random orientation shifts the relaxation peak towards 
high temperatures and slightly increases the peak height.

The relaxation time of the αClear-relaxation as a function of inverse 
temperature is represented in an Arrhenius map in Fig. 7-(B). Linear 
temperature dependence was found for the αClear-relaxation with a sig
nificant change in slope around the calorimetric clearing transition, 
likewise found for other Side-Chain Liquid-Crystalline Polymers 
[34–39]. Accordingly, the linear dependency of both zones was adjusted 
to the Arrhenius model (Eq. 1), with the results of the fit being sum
marised in Table 4. The activation energy of the αClear-relaxation before 
the clearing transition shows an activation energy of around 330 kJ/ 
mol. It has to be noted, that only a few data points in this zone could be 
taken for the fit, due to the high thermal activation of the relaxation 
process and due to overlapping with the ρ-relaxation at low frequencies.

The αClear-relaxation of the dendronised poly(2-oxazoline) mem
branes above the clearing transition shows activation energies between 
71.9 and 85.5 kJ/mol. The thermal activation and the temperature of 
this relaxation process increase as a function of the orientation degree. 

Fig. 7. (A) Isochronal plot of the imaginary part of the permittivity (ε″) at 104 Hz and (B) Arrhenius map of the αClear-relaxation.

Table 4 
Arrhenius fit values of the low-temperature and high-temperature zone of the 
αClear-relaxation of the dendronised poly(2-oxazoline) membranes.

αClear,1-relaxation (T < TClear)

T1Hz (◦C) Ea (kJ/mol) R2

PTOx 44.9 327.1 0.962
PTOx RO 49.8 317.1 0.999
PTOx HO 53.5 354.5 1.0a

αClear,2-relaxation (T > TClear)

T1Hz (◦C) Ea (kJ/mol) R2

PTOx − 17.4 71.9 0.999
PTOx RO − 8.5 76.7 0.997
PTOx HO − 0.7 85.5 0.998

a Only 2 points taken for fit.

Fig. 8. (A) Isochronal plot of the imaginary part of the electric modulus (M") at 100 Hz and (B) Arrhenius map of the ρ-relaxation.
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Accordingly, the homeotropically orientated membrane (PTOx HO) re
sults in the highest order structure. Therefore, higher thermal energies 
need to be overcome to induce the freeing motion of the dendrimer unit 
[12].

3.1.6. Analysis of the ρ-relaxation
At low frequencies, the three poly(2-oxazoline) membranes show a 

ρ-relaxation between 50 ◦C and 150 ◦C. Fig. 8-(A) shows the isochronal 
plot of the imaginary part of the electric modulus (M") at 100 Hz. In 
contrast to the other molecular relaxations, the imaginary modulus (M") 
was chosen to see the ρ-relaxation, as the imaginary permittivity (ε″) at 
these frequencies is overlapped by the conductivity contribution.

The ρ-relaxation of a similar SCLCPs based on poly[2-(aziridin-1-yl) 
ethanol] (PAZE) was also observed in the same temperature and fre
quency range [13] and was assigned to a Maxwell-Wagner-Sillars 
(MWS) polarisation, resulting from the accumulation of charges at in
terfaces with different conductivity. The peaks of the ρ-relaxation of the 
three dendronised poly(2-oxazoline) hybrid membranes occur at 
different temperatures in the order PTOx RO > PTOx > PTOx HO.

Fig. 8-(B) represents the relaxation time of the ρ-relaxation as a 
function of inverse temperature and the calorimetric clearing transition 
(TClear = 74 ◦C) [22]. The linear temperature dependence was adjusted 
to the Arrhenius model (Eq. 1), with the results of the fit being sum
marised in Table 5. The points after the calorimetric clearing transition 
were taken for the fit because the data at lower temperatures converge 
with the αClear-relaxation.

The dendronised poly(2-oxazoline) membranes show activation en
ergies ranging from 113 to 126 kJ/mol, typical values for interfacial 
MWS polarisations [40]. The values for the activation energy of the 
ρ-relaxation follow the same order as the temperature: PTOx RO > PTOx 
> PTOx HO.

3.1.7. Electron conductivity
Furthermore, the electron conductivity of the dendronised poly(2- 

oxazoline) hybrid membranes is investigated. Fig. 9 represents the 
modulus of the electric conductivity (|σ|) between 0 ◦C and 150 ◦C.

The three mesogenic poly(2-oxazoline) membranes show a compa
rable curve progression, with a plateau at low frequencies and a steep 
linear increase towards higher frequencies. The curves were adjusted to 
Jonscher’s power law in order to obtain the frequency-independent DC 
plateau, representing the bulk conductivity (σ0) of the materials.

The obtained bulk conductivity of the dendronised poly(2-oxazoline) 
membranes is represented as a function of inverse temperature in 
Fig. 10.

Table 5 
Arrhenius fit values of the ρ-relaxation of the dendronised poly(2-oxazoline) 
membranes.

ρ-relaxation

T1Hz (◦C) Ea (kJ/mol) R2

PTOx 88.0 115.7 0.997
PTOx RO 95.1 125.7 0.998
PTOx HO 83.5 113.0 0.998

Fig. 9. Modulus of the conductivity (|σ|) of the dendronised poly(2-oxazoline) hybrid membranes.

Fig. 10. Arrhenius map of the electron conductivity (|σ|) of the dendronised 
poly(2-oxazoline) hybrid membranes.

Table 6 
Activation energy from the Arrhenius fit of the electric bulk conductivity of the 
dendronised poly(2-oxazoline) membranes.

Intercept Slope Ea (kJ/mol) R2

PTOx 7.20 − 6.68 127.9 0.993
PTOx RO 8.40 − 7.25 138.8 0.998
PTOx HO 6.79 − 6.45 123.5 0.993
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The poly(2-oxazoline) hybrid membranes show low electric con
ductivities between 10− 15 S/cm to 10− 8 S/cm between 40 ◦C and 150 ◦C. 
The values show the ability of the liquid-crystalline poly(2-oxazoline) 
hybrid membranes to act as electrical insulators, for example in fuel 
cells. The linear temperature dependence found for the electron con
ductivity was adjusted to the Arrhenius model, with the results sum
marised in Table 6.

The thermal activation of the electron conductivity of the dendron
ised poly(2-oxazoline) hybrid membranes is between 123.5 and 138.8 
kJ/mol. These Ea-values are very similar to the activation energies ob
tained from the ρ-relaxation and show the same differences between the 
membranes, in increasing order: PTOx RO > PTOx > PTOx HO. Khan 
et al. also found in poly(amidoamine) dendrimers a close relationship 
between the electron conductivity and MWS polarisation [41]. Ac
cording to the results, the randomly oriented membrane PTOx RO, 
annealed at 73 ◦C, exhibits the lowest electron conductivity and thermal 
activation. In contrast, the homeotropic aligned membrane PTOx HO, 
annealed at 69 ◦C, results in the highest electron conductivity, due to the 
orientation of the columns.

4. Conclusions

The dielectric spectra of the liquid-crystalline poly(2-oxazoline) 
hybrid membranes of this study reveal the same four dielectric relaxa
tion mechanisms, despite the different thermal treatments applied: A 
local γ-relaxation, due to motions of the aliphatic chain of the mesogenic 
side group, the αTg-relaxation, representing the segmental glass transi
tion, the αClear-relaxation related to motions of the entire mesogenic side 
group, and ultimately a ρ-relaxation, due to an interfacial Maxwell- 
Wagner-Sillars (MWS) polarisation.

The short spacer length of the dendronised poly(2-oxazoline) mem
branes leads to a restricted and immobile side group. The thermal 
orientation reduces this steric hindrance as they seek maximum distance 
between each other, reducing the activation energy of the γ-relaxation. 
This effect is stronger in the homeotropic-oriented membrane.

The thermal annealing aligns the polymer main chains to each other, 
reducing the cooperative contribution of the αTg-relaxation, related to 
the segmental motion. The oriented membranes are slightly less fragile 
and show a reduced dielectric glass transition temperature.

The higher order of the oriented poly(2-oxazoline) membranes in
creases the activation energy of the αClear-relaxation, related to the 
freeing movement of the mesogenic side group, especially in the 
homeotropic oriented membrane.

The random orientation of the membrane reduces the electron con
ductivity and its thermal activation. In contrast, the homeotropic 
alignment leads to an electron conductivity increase, due to the 
favourable orientation of the columns.

The thermal orientation processes permit to design Side-Chain 
Liquid-Crystalline Polymers (SCLCPs) with required dielectric and 
conductive properties.
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[21] J. Guardià, A. Zare, J. Eleeza, M. Giamberini, J.A. Reina, X. Montané, Synthesis and 
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