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Abstract 

An analysis of the ionic transport properties of BMIM [NTf2] in Supported Ionic-Liquid-Like 

Phases (SILLPs)-based membranes has been carried out based on experimental measurements 

of impedance spectroscopy. The direct current (dc)-conductivity was analyzed in terms of 

temperature and frequency dependence. The transport quantities such as the conductivity, 

diffusivity and the density of charge carriers were calculated from a suitable fitting of the loss 

tangent curves data and the electrode polarization model with the Cole-Cole approximation,. 

These quantities show a significant improvement in the conductivity, when the ionic liquid is 

added to the polymeric matrix containing imidazolium fragments. Temperature dependence of 
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the conductivity is well described by Vogel-Fulcher-Tamman equation. Based on the Eyring’s 

absolute rates theory, the activation entropy and the activation enthalpy also were determined. 

Our results correlate the Debye length (LD) with the experimental values of conductivity, 

electrode polarization relaxation time and sample relaxation time involving. This provide novel 

aspects on the description of ionic transport in membranes as the diffusivity, mobility and free 

charge density depend on LD.  Moreover, it was discussed the behavior of the polarization 

relaxation time, the sample relaxation time and the static permittivity as a function of the 

temperature. 

 

1. Introduction 

Ionic Liquids (ILs) are purely ionic materials with generally low melting temperatures, low 

vapor pressure, low viscosity, electrochemical stability, and a high conductivity 1 . As a 

consequence of the uncommon properties displayed by ILs, they have found applications in a 

wide variety of fields including their use as green solvents in organic synthesis 2, catalysis 3,4, 

extraction, separation 5, supramolecular chemistry 6,7, as transport agents 8, in pharmaceutical 

chemistry 9, materials science, or for drug sensing 10, among others. Many of them present high 

thermal stability, non-volatility, and non-flammability, which along with the mentioned high 

ionic conductivity allows them to be considered as promising compounds for the preparation 

of electrochemical devices with a reduction in the potential hazards and environmental impact 

(i.e. no VOCs generation) 11,12,13,14.  

The incorporation of ILs structures into polymeric matrices to form Polymerized Ionic 

Liquids (PILs) or Supported Ionic Liquids (SILPs or SILLPs) provides an enhancement of those 

features by integrating the attractive mechanical characteristics of polymers 15 , 16 , 17 , 18 . 

Supported Ionic-Liquid-Like Phases (SILLPs) can be obtained by covalently bonding ILs-

related structural units on the surface of a solid support, allowing the combination of the 

properties of both components to afford novel advanced materials with important 

electrochemical applications 19,20. Both PILs and SILLPs make available interesting advantages 

when used in electrochemical devices such as dye-sensitized solar cells, lithium batteries, 

actuators, field-effect transistors, or light emitting electrochemical cells, among others. 11-14,20-

21. Crosslinked macromolecular networks containing IL-like fragments covalently attached 
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represent a particular kind of conductive SILLPs with remarkable mechanical properties 16,22. 

Interestingly, they can be further modified with the use of bulk ILs as porogenic agents in order 

to obtain composite materials with excellent electrochemical properties in which no appreciable 

leaching of the IL component is observed 21,23,24. The balance and interplay between the 

chemical nature of the cations and anions, the degree of crosslinking, the loading of IL-like 

fragments in the polymeric matrix and bulk ILs, can be used to fine-tuning the properties and 

can lead to significant conductivities equivalent to those observed in bulk ILs. Specifically, the 

crosslinked SILLP containing BMIM [Cl] displayed conductivities of 0.17x10-3 S/cm at 40 °C, 

while those with BMIM [NTf2] presented ionic conductivities of 10-4 S/cm at 40°C, increasing 

this value one order of magnitude at temperatures close to 100°C 23. An increase in the amount 

of bulk IL or a decrease of the crosslinking degree always led to an increase in conductivity 

21,23. It must be noted that for SILLPs the crosslinking can be associated to both the amount of 

crosslinker used and the presence of strong intra polymeric interactions between the ionic 

entities. In such cases, the mobility of charge carriers can be related to entropic restrictions, i.e. 

drastic variations in the number of configurable microstates accessible to them. The influence 

of these entropic barriers on the conductivity has been discussed in cesium phosphate mixtures 

that present a superprotonic transition and a symmetry change of their crystal structure 25. 

Thus, the use of ILs as conductive fillers to replace phosphoric acid (PA) in composite 

membranes has been studied to overcome PA disadvantages, such as leaching and conduction 

instability with time 11,13,26. In general, IL-based composite membranes reach reasonably high 

conductivities (>10-3 S/cm at 40 °C) when increasing the IL concentration, which enhances the 

free ionic mobility and the formation of well-developed ionic channels. Thus, for instance, 

membranes based on fluorine containing polybenzimidazole (PBI) and 1-hexyl-3-

methylimidazolium trifluoromethanesulfonate achieved conductivities of 0.016 S/cm at 250 °C 

under anhydrous conditions 27 , while with a protonic IL (1-H-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide) reached a proton conductivity of 0.002 S/cm at 190 °C, 

with the thermal stability in the 150-190 °C range 28. Proton exchange membranes (PEMs) 

based on PBI filled with 5 wt. % BMIM bearing different anions (Cl, I, BF4, PF6, NCS, Br, 

NTf2, BF4) and under PA doping conditions, exhibited proton conductivities of up to 0.098 

S/cm at 120 °C when the BF4 anion was present 17c-e,18c.  



4 

 

Overall, ionic conductors are key components for many applications, mainly in the field of 

energy conversion and the development of high-performance ion-conducting solid-state 

membranes. In this regard, conductivity is a key property to be studied and optimized in those 

materials. This requires a consistent estimation of the diffusivity (D), the mobility (μ) and ionic 

carrier density (n).   

The present work is aimed to developing a new reliable method to obtain the mobile charge 

carrier concentration and diffusivity using impedance and dielectric spectroscopic data by 

modeling the space charge relaxation of a SILLPs sandwiched between two blocking electrodes. 

The method is primarily based on the models proposed by Schütt 29 and Coelho 30 for ion 

conducting glasses and generalized by Jönsson et al. 31 In order to verify the applicability of 

this method, we have used composite polymers doped with variable amounts of 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIM][NTf2]). Broadband dielectric 

spectroscopy was employed to investigate the correlation between diffusivity, charge carrier 

density and Debye length with the structural dynamics of SILLPs. For this purpose, the effect 

of electrode polarization (EP), previously used and represented by a single Debye relaxation, 

on the analyses developed by Trukhan 32, Sorensen et al. 33, MacDonald 34,35, Coelho 36,37 and 

Klein et al. 38, has been taken into account to develop a model based on the Cole-Cole relaxation 

allowing to determine, from experimental data of complex dielectric permittivity, conductivity 

and loss tangent (tan , the diffusivity, the mobility and the mobile ion concentration in SILLPs.  

In addition, from the EP approach , represented by a Cole-Cole relaxation model, and the fits 

of the peaks corresponding to the maximum of the tan , we have determined different 

parameters, such as M=EP/∞, the electrode polarization relaxation time, EP, and a parameter 

 which give us the indication of a cumulative process in the system as a consequence of the 

interactions among charge carriers, which allowed us to calculate, the mobility, the diffusion 

coefficient, the free charge carrier density as a function of Debye length (LD), where the 

characterizing of the ionic transport in the polymeric matrix of a SILLP film present a good 

correlation with 𝐿𝐷. 

 

2. Experimental details 



5 

 

2.1 Materials 

All reagents purchased from commercial suppliers were used without further purification. The 

imidazolium monomer 1-(4-vinylbenzyl)-3-butyl imidazolium bistriflamide (VBIM [NTf2], 1) 

was synthesized as previously report 39 . 1-Butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (BMIM [NTf2], 2) was prepared from commercially 

available BMIN [Cl] through Cl- / NTf2
- exchange using LiNTf2 

40.  

SILLPs-based films were prepared (M1-M5, Scheme 1) by polymerization of mixtures 

containing an imidazolium monomer (1) and an acrylic crosslinking agent (3) 23. Mixtures for 

M4 and M5 films also contained BMIM [NTf2] (2). Table 1 shows the chemical composition 

of the different SILLPs. Polymerization was carried out using 1% AIBN as the initiator, at 65 

ºC, during 24 h, and keeping the monomeric mixture between two glass plates separated by a 

spacer (0.15 mm). The interaction between the SILLPs and the bulk IL was so effective that no 

leaching of BMIM [NTf2] was observed 21,23,24. The obtained films were fully characterized by 

FTIR-ATR (MIRacle single-reflection diamond/ZnSe accessory in a Jasco FT-IR 6200 

instsrument), Raman spectroscopy (JASCO NRS-3100 dispersive spectrometer with a 785 nm 

laser, single monochromator, grating 600 lines.mm-1, slit 0.2 mm, resolution 12.75 cm-1, centre 

wavenumber 1200 cm-1, laser power 90.1 mW, and ten accumulations of 5 s each) and 

Elemental analysis (LecoTuSpect Micro instrument). 

 

Scheme 1: Synthesis of films M1-M5 (1% AIBN, 65 °C, 24 h) 

Table 1: Chemical composition (% wt) of the SILLPs-based films M1-M5 prepared. 
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SILLP 1 2 3 
Thickness 

(𝜇𝑚) 

M1 60% - 40% 150 

M2 70% - 30% 150 

M3 90% - 10% 150 

M4 70% 20% 10% 150 

M5 55% 35% 10% 150 

 

 

2.2. Impedance measurements 

The proton conductivity of the films in the transversal direction was measured by impedance 

spectroscopy at several temperatures in the 0 - 130 ºC range, with 10 ºC steps, in the frequency 

range of 10-1 < f < 107 Hz, applying a 0.1 V signal amplitude. A Novocontrol broadband 

dielectric Spectrometer (Hundsangen, Germany) integrated by an SR 830 lock-in amplifier with 

an Alpha dielectric interface was used. For that purpose, membranes of 10 mm diameter were 

sandwiched between two gold circular electrodes coupled to the impedance spectrometer by 

co-pressing the synthetized materials in a sandwich cell configuration. The measurements have 

been made following the usual procedures in Electrochemical Impedance Spectroscopy (EIS) 

41,42,43. Before the measurements the sample thickness was measured by a micrometer (results 

shown in Table 1). The membrane-electrode assembly was annealed in the Novocontrol setup 

under an inert dry nitrogen atmosphere before starting the measurement. To ensure the 

measurements reproducibility two temperature cycles were studied. In the first run, the 

temperature was gradually raised from ambient temperature to 403 K and then lowered to 273 

K in steps of 20 K recording the dielectric spectra in each step. In the second cycle of 

temperature, the dielectric spectra were collected in each step from 273 to 403 K. During the 

conductivity measurements, the temperature was kept constant at each measuring step using a 

nitrogen jet (QUATRO from Novocontrol) with a temperature error of 0.1 K, during every 

single sweep in frequency. 
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3. Results 

3.1. Electrochemical Impedance Spectroscopy 

From the dielectric measurements, the dc-conductivity (σdc) can be obtained using three 

different procedures. However, all methods are indirect, because they need the criteria to give 

the value of the dc-conductivity. One of the methods starts from the relationship between the 

complex dielectric permittivity (ε*) and the complex conductivity (σ*) given by σ *( ω ,T) = j 

ε0 ω ε *( ω ,T ), where j = (−1)1/2 and ε0 represents the vacuum permittivity and ω the angular 

frequency of the applied electric field ( ω = 2 π f ). From the dielectric results, the real and 

imaginary part of the dc-conductivity can be expressed, taking into account the dielectric 

permittivity ε*( ω ) = ε′ ( ω ) − j ε″ ( ω ), as  

σ ′( ω ,T ) = ε0 ω ε ″ ( ω ,T )     (1) 

and  

σ ″ ( ω ,T ) = ε0 ω ε ′( ω ,T )    (2) 

  

Nevertheless, the determination of the real part of the conductivity from the imaginary part of 

the dielectric permittivity, (log ε ″ = log( σdc /ε0) − log ω ), where the slope of the log ε ″ versus 

log ω is equal to −1 permits to obtain a good estimation of the dc-conductivity from the intercept 

of the straight-line at frequency ω = 1, when the Maxwell–Wagner– Sillar (MWS) effects due 

to the bulk conductivity dominate, as for a pure ohmic conduction 43,44,45.  

A second approach to obtain the dc-conductivity is the use of the Bode diagram, where the 

modulus of the complex conductivity |σ*| is plotted versus the frequency ω. As frequency 

increases, the modulus increases reaching a plateau, while the phase angle ϕ = tan−(Z″/Z′) 

reaches a maximum (or tend to zero). When |σ*| → σ0 and ϕ = 0, the ionic conductivity of the 

sample can be obtained 46. 

Finally, another method used frequently to determine the dc-conductivity uses the Nyquist 

diagrams, where the imaginary part of the impedance is plotted versus the real part of 

impedance (−Z″ vs Z′) 47. Usually, these results are interpreted in terms of the equivalent 

circuits, which in the case of a homogenous polyelectrolyte comprises a resistance R0 in series 

with a circuit made up of an element Rp representing the charge transfer resistance at the 
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interface sample/electrode in parallel with a capacitor (C). These diagrams are semicircles 

intersecting the abscissa axis at Z′ = R0, because in the intersection with the abscissa axis the 

imaginary part of the impedance is zero (i.e., the phase angle is zero) and then this value 

represents the dc-conductivity. On the other hand, it is well-known that polarization relaxation 

processes in polymers and membranes are not described by a single relaxation time, but by a 

wide distribution of relaxation times. Therefore, the equivalent circuit should be composed by 

a resistance R0, which accounts for the ionic resistance, in series with an assembly of N circuits. 

Each circuit is made up of a resistance Ri (representing a polarization resistance) in parallel 

with a constant phase element (CPE) of admittance Y* = Y0(j ω τ )n (0 < n ≤ 1) 48. This CPE 

accounts for interfacial phenomena in the membrane electrode interface. This procedure was 

used in this work, where impedance spectroscopy measurements were carried out for the 

samples M1-M5 from 20 °𝐶 to 130 °𝐶 in order to obtain the conductivity in addition to the 

ionic transport properties of the samples, and Figure 1 shows the different Nyquist diagrams 

obtained for the five films prepared. 
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Figure 1. Nyquist diagrams for the samples M1-M5 at 30 ºC. The insets represent the diagrams 

at 70 and 110 ºC. 

 

As shown in Figure 1, the representation of the imaginary part of the impedance ” vs. the real 

part of the impedance ’ in () displayed the Nyquist plots with semicircles intersecting the 

abscissa axis at ’ = R0 for all the composite membranes studied. At this point, the imaginary 

part of the complex impedance is equal to zero (i.e., the phase angle is zero) and then, this value 

represents the bulk resistance of the composite membrane 49. The estimated values for the 

second interception of the ideal semicircle with the x-axes increases with temperature, as 

typically observed for composite membranes. The figure also shows that for M1-M5 

membranes, a spike can be observed in the experimental Nyquist diagrams at all temperatures 

studied. As inferred from figure 1, the intercept of the semicircles with the x-axes decrease with 

temperature increase, as typically observed for composite membranes. Experimental departure 

from semicircles is usually the result of polarization electrode processes and other possible 

effects taking place at the membrane/electrode interface, leading to the presence of a 

distribution of relaxation times, instead of a single one 48. 

The impedance results for these complex systems, generally have been analysed in terms of 

equivalent circuits composed of a resistance Rp, representing the charge transfer resistance at 

the interface sample/electrode, connected in parallel with a constant phase element (CPE), 

which is equivalent to the sample/electrode double layer (see Figure SI-1 in the Supplementary 

Information). 

The following equation is used to fit experimental data to the theoretical data, 
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𝑍∗() = 𝑅𝑜 + ∑
𝑅𝑝𝑖

1+(𝑗𝑖)𝑎𝑖𝑖     (1) 

Where 𝑅𝑝𝑖is a polarization resistance, 𝑖  𝑖s the relaxation time, j = (−1)1/2 as mentioned before, 

and 𝑎𝑖 is a parameter (0 1)  which characterizes the distribution of relaxation times 

yielding a Debye system impedance when 1  . Note that Eq. 1 is equivalent, at the impedance 

level, to the Cole-Cole complex dielectric constant expression. 

In some cases, these systems combine polarization processes with a frequency that is 

independent of the sample resistance, or ohmic resistance ( 0R ), and other frequency 

independent processes. In such a case, the equivalent electrical circuit can be given by a series 

of Cole-Cole functions in series with 0R . In our case, the impedance of the circuit is modelled 

by a series combining two Cole-Cole functions to bind the bulk properties and the polarization 

effects. The bulk resistance, R0 is determined from the point of intersection of the semicircle at 

higher frequency (extrapolated end) with the real Z’ axis and the corresponding conductivity 

(dc) is calculated by the expression: 

2 2
0

'
'

( ') ( ")
dc

L Z L

S S RZ Z
   

       (2) 

where L is the thickness of the sample, S the effective area of the membrane (given by the area 

of the electrodes used for the measurement), and Z’ and Z” are the real and imaginary part of 

the complex impedance, respectively. 

The values for the impedance of the composite membranes and their conductivity calculated 

through the fitting of the Nyquist diagrams shown in Figure 1, by using the Eq. (1) with i=2 

and applying the Eq. (2) for conductivity. The values of the parameters of Eq.(1) obtained by 

fit of the experimental data are summarized in Table SI-1 in the Supplementary Information. 

Once the dc-conductivity values are obtained from Nyquist diagrams, its behavior with 

temperature is found. So, we can see in the Figure SI-2 in the Supplementary Information, that 

the dc-conductivity is in agreement with a Vogel-Fulcher-Tamman (VFT) equation behavior: 

𝑙𝑛𝜎𝑑𝑐 = 𝑙𝑛𝜎∞ −
𝐵

(𝑇−𝑇0)
    (3) 
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Where B is a fitting parameter related to the curvature of the plot that may be seen as the high 

temperature activation energy of the process underlying the dc-conductivity, 𝜎∞ is the pre-

factor related to the conductivity limit at high temperatures and T0 is the Vogel temperature 

considered as the one at which the relaxation time would diverge. The parameters values 

obtained from the fitting to Eq.(3) for each temperature are summarized in Table 2. A close 

inspection of this figure shows that conductivity increases with the amount of free ionic liquid 

(M5 > M4 >> M3) and when the amount of crosslinking agent decreases (M3 > M2 ≈ M1), 

which is, besides, associated to a higher content in polymer supported imidazolium moieties. It 

should be noted that the Vogel temperature increases for lower crosslinking degrees (M3 > M2 

> M1), but decreases with the amount of free IL in the composite (M4 > M5). Thus, the 

observed conductivity follows the order 𝜎(𝐌𝟏) ≈  𝜎(𝐌𝟐) < 𝜎(𝐌𝟑) <  𝜎(𝐌𝟒) <  𝜎(𝐌𝟓) . 

For example, at 50 °C the conductivities were 2.3x10-6 S/m (M1), 2.2x10-6 S/m (M2), 5.6x10-

5 S/m (M3), 2.1x10-4 S/m (M4), and 1.2x10-2 S/m (M5), while at 100 °C were 2.3x10-4 S/m 

(M1), 2.4x10-4 S/m (M2), 2.5x10-3 S/m (M3), 2.1x10-2 S/m (M4), and 7.4x10-2 S/m (M5). 

Table 2: Vogel Fulcher-Tamman (VFT) parameters obtained from the fitting of experimental 

data shown in figure 1 to Eq. (3) for the samples analyzed in this study. The values of 2 

parameters represent the sum of the square deviations between the experimental data and 

theoretical values. 

Membrane 𝑙𝑛𝜎∞ B (K) T0 (K) 2 

M1 9.34 4130 137 0.05 

M2 8.02 3510 155 0.04 

M3 4.60 1860 193 0.05 

M4 2.69 1120 195 0.01 

M5 3.09 1210 183 0.01 

 

The calculated activation energy from VFT equation considering all the range of temperatures 

follows the trend 𝐸𝑎𝑐𝑡(𝐌𝟏) = 34.3 
𝑘𝐽

𝑚𝑜𝑙
<  𝐸𝑎𝑐𝑡(𝐌𝟐) = 31.2 

𝑘𝐽

𝑚𝑜𝑙
< 𝐸𝑎𝑐𝑡(𝐌𝟑) = 15.5 

𝑘𝐽

𝑚𝑜𝑙
<

 𝐸𝑎𝑐𝑡(𝐌𝟒) = 9.3
𝑘𝐽

𝑚𝑜𝑙
 < 𝐸𝑎𝑐𝑡(𝐌𝟓) =  8.5

𝑘𝐽

𝑚𝑜𝑙
. Again, the lower activation energy for M3 

relative to the films M2 and M1 can be correlated with the increase in imidazolium units in the 

polymeric network and the associated decrease in crosslinking that favors an increased mobility 
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of the polymeric chains and the ionic fragments. For M4 and M5, having the same crosslinking 

degree, the activation energy decreases when increasing the amount of BMIM [NTf2] 

incorporated. It must be noted that these 𝐸𝑎𝑐𝑡 values are of the order, although slightly lower, 

of that on related composite materials like a film similar to M5 (12.2 kJ/mol)23or a PBI 

membrane containing a 5% of BMIM [NTf2] (10.9 kJ/mol)42. These results suggest that the 

anionic conduction in these films can occurs following two mechanisms, the hopping between 

the imidazolium units and a vehicle-type mechanism. The low activation energies displayed by 

the polymeric imidazolium networks containing additional BMIM [NTf2] are very attractive for 

their application in polymer electrolyte membranes in energy applications, as the transport 

mechanism is less energy demanding. 

On the other hand, the temperature dependence of conductivity can be analyzed in terms of the 

Eyring’s absolute rates theory as 

𝜎(𝑇) ≈ 𝐶 ∙ 𝑇 ∙ 𝑒𝑥𝑝 (−
∆𝐺∗∗

𝑅𝑇
) = 𝐶 ∙ 𝑇 ∙ 𝑒𝑥𝑝 (

∆𝑆∗∗

𝑅
−

∆𝐻∗∗

𝑅𝑇
)   (4) 

Eq. (4) constitutes an Arrhenius law in which G**= H**- T S** has been considered. C is a 

pre-factor that only depends of the frequency, ∆𝐺∗∗ is the activation Gibbs free energy of the 

microscopic charge conduction process in the sample, ∆𝑆∗∗ is related with the thermodynamic 

activation of entropy associated with the macroscopic structural changes of the material that 

give rise to entropic restrictions during the motion of the charges carrier, ∆𝐻∗∗ is the enthalpy 

change associated to the conduction process, T is the absolute temperature and R the gas 

constant. Since the charge transport is thermally activated, the energy G** involves the 

formation of the activated complex linked to ion hopping. The values of H** and S** can be 

obtained from the slope and the T-intercept of the plot ln(/T) vs. 1000/T, respectively, see 

Figure 2.  

The Table 3 shows the values of H**and S** associated with the conductivity calculated 

through Eq. (4). 
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Figure 2: Temperature dependence of ln(/T) for the different composite membranes.  

Table 3: Values of activation enthalpy (H**), entropy (S**) and activation energy (Eact) for 

all samples studied.  

Sample Eact
 

kJ mol-1 

H** 

kJ mol-1 

S** 

J mol-1 K-1 

M1 34.3±2.8 72.4±1.0 46.2±2.4 

M2 29.2±2.3 69.6±1.3 39.6±3.2 

M3 15.5±1.4 54.9±1.1 13.8±2.8 

M4 9.3±1.1 37.8±0.8 -16.9±2.1 

M5 8.5±0.6 31.5±0.7 -17.6±1.8 

 

It can be observed that, for all samples, H** and S** decrease with the loading of IL-like 

fragments covalently attached to the polymeric matrix, decreasing additionally for M4 and M5 

in the presence of the bulk IL. For the non-doped membranes, the decrease in activation entropy, 

from M1 to M2 and from M2 to M3, is significantly more important that the one in activation 

enthalpy. Changes in both H** and S** are more abrupt when comparing M2 and M3. This 

agrees well with the increase in the density of covalently attached imidazolium units and the 

simultaneous decrease in crosslinking favoring intrapolymeric coulombic and hydrogen bond 
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interactions, which is very relevant in particular for M3 (10% of crosslinker and 90% of 

polymeric benzyl butyl imidazolium units). Abrupt changes in H** and S** are also observed 

when comparing M3 and the films doped with BMIM [NTf2], displaying identical crosslinking 

values and similar loadings of imidazolium units (supported IL-like units plus bulk IL units), 

while a minor decrease in both values is observed when the amount of bulk IL is increased in 

M5. More relevantly, S** becomes negative for the two films doped with BMIM [NTf2] being 

more negative for the polymer containing a higher amount of this IL. Such a change could be 

related with a decrease in the free volume of these systems as the amount of free IL increases 

and associated to strong supported IL unit-bulk IL unit-supported IL unit interactions. 

A representative dielectric spectrum of all the samples (M1-M5) at 60ºC and 110ºC, is shown 

in Figure 3, where 휀′, 휀", σ', σ" and tan  𝛿, are plotted as a function of frequency. At lower 

frequencies, the real part of the permittivity is essentially independent of the frequency while 

the imaginary part increases with decreasing frequency (휀" ≈ 𝑓−1). Such behavior represents 

the direct current conduction. From moderate to low frequencies, the complex permittivity 

shows a Debye peak or shoulder related with the electrode polarization effect. On the other 

hand, at the frequency region where the real part of the permittivity starts to decrease almost 

linearly with the frequency with slope ≈ -1, the imaginary part of the conductivity reaches a 

maximum, defining then a minimum at higher frequencies, while the real part of the 

conductivity becomes practically constant, independent of the frequency. At the frequencies at 

which ’’ reaches the abovementioned minimum, the loss tan  reaches a maximum, which fmax 

is considered as the frequency where the real part of the conductivity can be considered as the 

sample conductivity (dc).  
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Figure 3: Representation of the real and imaginary parts of permittivity (휀′ and 휀′′) and 

conductivity (’ and ’’), and of 𝑡𝑎𝑛𝛿 vs. frequency at 60 ºC and 110 ºC. 

 

The Cole-Cole model allows representing the dependence of the complex dielectric permittivity 

on frequency. In this work we assume that the contribution of the conductivity at low 

frequencies is generally due to impurities and it can be omitted. Secondly, when the 
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MaxwellWagnerSillars (MWS) conditions are accomplished (i.e., when the bulk 

conductivity dominates as for a pure ohmic conduction at high frequencies), then ”(ω,T) = 

σdc(ω,T)/0ω,  and the loss tangent, tan = 휀′′/ 휀′, can be expressed as follows 25,42,50 

tan 𝛿 =
( 𝜔𝜏𝐸𝑃)𝛼 𝑠𝑖𝑛(

𝜋 𝛼

2
)

1+(𝜔𝜏𝐸𝑃)𝛼 𝑐𝑜𝑠(
𝜋 𝛼

2
)+

(𝜔𝜏𝐸𝑃)
2𝛼

𝑀

    (5) 

With M=EP/∞, EP being the electrode polarization relaxation time and  an exponent being 

the indication of a cumulative process in the system as a consequence of the interactions among 

charge carriers. If α=1, then Eq. (5) is reduced to the Coelho model, where the EP behavior is 

represented by a single Debye relaxation. 

Figure 4 shows the values of tan δ as a function of the frequency for all the samples 

studied at different temperatures. As shown, a maximum in the curves is observed at each 

temperature, which is associated to the plateau of the real part of the conductivity observed in 

the Bode diagrams (see Figure SI-2 in the Supporting Information). This maximum always 

shifts to higher frequencies and increases in intensity as a function of temperature. Some 

differences, however, are observed for the different membranes. How we can see for the 

samples M4 and M5, the increase in the temperature produces a growth in maximum intensity 

respect the samples M1 and M2 where they are not free IL embedded and practically the same 

amount of porogenic agent (VBIM [NTf2]) bulk IL. 
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Figure 4: Tan δ as a function of the frequency for all the membranes ( ◆ 20°C, ▲ 40°C, ◄ 

60°C, ⁕ 80°C, ● 100°C, ◆ 120°C). The fitting of Eq. (5) is showed as a continuous line for each 

temperature. 
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Equation 5 was used to fit the experimental data shown in Figure 4 in order to provide an 

estimation of the parameters M, EP and . The values of these parameters are given in Table 

SI-2 in the Supplementary Information, for the temperatures 20, 40, 60, 80, 100 and 120 ºC. 

The standard deviation of M, EP and  parameters determined from the fitting curves remained 

less than 5%. It is worth mentioning that 𝛼  ≤1, meaning that interactions between charge 

carriers are present but they are not dominant for the transport process. The values of the 

relaxation time EP, the parameter M and 𝛼, showed clearly a dependence on the temperature. 

While M does not seem to have a clear dependence on temperature, however the relaxation time 

(EP) and 𝛼 increases with the temperature for all the membranes, being the values for the 

electrode polarization time significantly lower for the membranes containing the adsorbed bulk 

IL BMIM [NTf2] (M4, M5).  

 

4. Mobility, diffusivity and free charge density 

The mobility and free charge density can be obtained from the measurements of loss tangent. 

Considering that the anion and cation have the same mobility, , and neglecting the ion-ion 

interaction, the dc-conductivity is given by 

 𝜎𝑑𝑐 = 𝑛𝑞𝜇      (6) 

where 𝜇 is the mobility, 𝑞 the charge of a monovalent anion and 𝑛 is the equilibrium number 

density of free negative charges, i.e. the total anion concentration in the sample. Equation (6) 

assumes that the anion transfer number is equal to one, being only applicable in the case of 

cations that are practically immobile. This approximation is plausible taking into account that 

imidazolium cations derived from the monomer 1 are covalently linked to the polymeric chains 

and if we accept a reduced mobility for the imidazolium cation in BMIM [NTf2] as a 

consequence of its larger size in comparison with that of the counteranion. Therefore, the 

mobility will be restricted to the anions until the system reach the equilibrium, where the 

concentration of anions (NTf2
−), will be constant in space and time. In such a situation, the 

Debye length, LD, which is a measure of the length scale of the electrostatic double layer, is 

written as 
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𝐿𝐷 =  [
𝜀∞ 𝜀𝑣𝑎𝑐 𝑘 𝑇

𝑞2∙𝑛
]

1/2

       (7) 

Being 𝑘 the Boltzmann’s constant, ∞ the dielectric constant at high frequencies, 0 the vacuum 

permittivity, q is the charge of a monovalent anion, n the equilibrium concentration of mobile 

charge and 𝑇 the temperature. 

Taking into account that the maximum in tan , following the Cole-Cole model, is verified for 

24 

    
mEP

M





 12

1

tan

max      (8) 

where the relaxation time obtained as 𝜏𝑚 =
1

2𝜋𝑓𝑚𝑎𝑥
tan 𝛿 represents a time constant, which is related 

with the electrode polarization time relaxation 𝜏𝐸𝑃 and the sample relaxation time 𝜏, defined by 

𝜏 =
𝜀

𝜎𝑑𝑐
 , by mean of  𝜏𝑚

2 = 𝜏 ∙ 𝜏𝐸𝑃  25,38,42,50 . Furthermore, the parameter M=EP/∞, also 

defined as 𝑀(𝐿𝐷) =  
𝐿

2𝐿𝐷
 38 , can be expressed for a Cole-Cole model as  

𝑀 = [
𝜏𝐸𝑃

𝜏
]

𝛼

    (9) 

where 𝜏 is the sample relaxation time written as 

𝜏 =
𝜀

𝜎𝑑𝑐
=

𝜀∞∙𝜀𝑣𝑎𝑐 

𝑞∙𝑛∙𝜇
   (10) 

Being  the dielectric constant of the sample and dc its dc-conductivity.  

Then, the time 𝜏𝐸𝑃 can be expressed as 

𝜏𝐸𝑃(𝐿𝐷) =
𝜀∞ 𝜀𝑣𝑎𝑐

𝜎𝑑𝑐
[𝑀(𝐿𝐷)]

1

𝛼   (11) 

and the mobility as 

𝜇(𝐿𝐷) =  [𝑀(𝐿𝐷)]
1

𝛼
 𝜀∞ 𝜀𝑣𝑎𝑐

𝑛 𝑞 𝜏𝐸𝑃
  (12) 

Using the eq. (6) the conductivity also can be given in terms of Debye length and polarization 

relaxation time,𝜏𝐸𝑃, as 
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𝜎 =  
𝜀∞𝜀𝑣𝑎𝑐 

 𝜏𝐸𝑃(𝐿𝐷)
[𝑀(𝐿𝐷)]

1

𝛼   (13) 

Finally, the anion diffusivity can be calculated from the mobility considering the Nernst-

Einstein relation, 

      𝐷(𝐿𝐷) =  
𝑀

1
𝛼∙𝐿𝐷

2

𝜏𝐸𝑃
    (14) 

The Eq.(14) could also be expressed in terms of the sample relaxation time 𝜏 as 

𝐷(𝐿𝐷) =  
𝐿𝐷

2

 𝜏
     (15) 

and in function of the time relaxation associated to the start of electrode polarization process, 

𝜏𝑚, as 

𝐷(𝐿𝐷) =  
𝐿𝐷

2

 𝜏𝑚
𝑀

1

2𝛼    (16) 

The free anion charge density is given from diffusivity and conductivity as 

     𝑛(𝐿𝐷) =
𝜎

𝑞 𝜇(𝐿𝐷)
 =

𝜎∙𝑘𝑇

𝑞2 𝐷(𝐿𝐷)
    (17) 

and in terms of Debye length, conductivity and sample time relaxation by 

     𝑛(𝐿𝐷) =
𝜎∙𝑘𝑇

𝑞2 𝐷(𝐿𝐷)
 =

𝜎∙𝑘𝑇∙ 𝜏

𝑞2∙𝐿𝐷
2  

   (18) 

From loss tan  the parameters M,  and  𝜏𝐸𝑃 are obtained, and considering Eq. (15) we also 

can obtain the constant time, 𝜏𝑚. Taking into account that 𝜏𝑚
2 = 𝜏 ∙ 𝜏𝐸𝑃 25,38,42,50, the sample 

relaxation time () can estimated. The Figure 5 (top) shows their dependence with the reciprocal 

of the temperature. This figure reveals that 𝜏, in general, exhibits a behavior that cannot be 

described through a simple Arrhenius behavior. This clearly indicates that in the composite 

membranes M1-M5 a simple dependence with the temperature is not present, for the range of 

temperatures analyzed, though a decrease with temperature increase is seen for all the samples. 

A similar situation is present for 𝜏𝐸𝑃  (see Figure 5, bottom). Knowing that electrode 

polarization relaxation time represents the mean time for an ion to travel from one electrode to 

another, at times longer than EP , a large quantity of mobile anions will have built up at the 
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electrodes, and the dependence with temperature of anion mobility will not present an Arrhenius 

behavior. 

 

2,50 2,75 3,00 3,25 3,50 3,75

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0,01

0,1

 M1

 M2

 M3

 M4

 M5


(s

)

1000/T (K
-1
)

 

2,25 2,50 2,75 3,00 3,25 3,50 3,75

1E-6

1E-5

1E-4

1E-3

0,01

0,1

1

10

100

 M1

 M2

 M3

 M4

 M5

 E
P
 (

s
)

1000/T (K
-1
)

 



22 

 

Figure 5: Variation of electrode polarization relaxation time (bottom) and sample relaxation 

time (top) versus the reciprocal of temperature for the studied samples. 

It can also be seen that the relaxation times are relatively similar for M1 and M2 (in particular 

the sample relaxation time) while decrease significantly for M3-M5 displaying higher loadings 

of imidazolium fragments. The effect is more relevant for the two films containing the BMIM 

[NTf2] non-attached covalently to the polymeric matrix (M4-M5). The composite membrane 

M5 containing a larger loading (35%) of free IL than M4 (20%), but the same total loading of 

imidazolium units (90%), shows the lower relaxation times. This suggests that the counteranion 

of the free IL affects the frequency at which the polarization starts to be present and could 

generate a variation in the length of Debye with the temperature. It is possibly due to the 

influence of the Debye length thickness have until the system reached the equilibrium. 

The diffusion coefficients can be calculated by means of Eqs. (14-16) from the values of M, , 

𝜏𝑚 ,  and LD. As we have mentioned before, the parameters M and  are obtained from the 

fitting of the tan  data using the Eq. (5) (Table SI-2 in the Supplementary Information), while 

the value of the Debye length can be estimated from M and the sample thickness L. Figure 6 

shows the diffusion coefficients for M1-M5 at the temperatures studied. These values are 

reasonably similar to those for other related systems 51,52 and indicate that an excellent ion 

mobility’s can be obtained for these films.  
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Figure 6: Temperature dependence of the free ion diffusion coefficient D for films M1-M5. In 

this figure the diffusion coefficients were calculated from Eq. (15), 𝐷(𝐿𝐷) =  
𝐿𝐷

2

 𝜏
, using the 

values of the Debye length from the expression 𝐿𝐷 =  
𝐿

2𝑀
 . 

The calculated anion diffusivity increased with temperature for all the films. At low 

temperatures, the trend observed was D(M5) > D(M4) ≥ D(M2) > D(M3) > D(M1). This 

behavior agrees reasonably well with the one for the activation energies associated to the 

diffusivity obtained through the VFT fit where Eact(M5) < Eact(M4) < Eact(M2) < Eact(M3) < 

Eact(M1) and with the values found for the conductivities and their behavior. Some changes are 

observed at higher temperatures as is reasonable for the increased diffusion coefficient of the 

polymeric chains bearing imidazolium units. On the other hand, these results are in agreement 

with the variations of the free charge density of the films, where the average loading of 

imidazolium units in the polymer, change from 1025.2 for M3 until 1020.8 m-3 in the case of M2. 

As expected, the diffusivity varies with reciprocal of the anionic charge density of BMIM-NTf2 

for all the SILLPs. 

The values for the free anion charge density obtained following Eq. (17) are gathered in Figure 

7. Anion charge density is essentially independent of temperature and is directly related with 
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the loading of imidazolium units in the polymer, following the order n(M4) =4x1025 m-3> 

n(M5) =3x1023 m-3> n(M3) =2x1023 m-3> n(M1) = 1022 m-3 >  n(M2) = 3x1021 m-3, respectively, 

where its anion charge density practically is constant with temperature. This pattern is specific 

of these films based on SILLPs, very different, for instance, of the one found with mixed matrix 

membrane (MMM) fillers. Thus, in the case of hexacyanocobaltate fillers with formula M3[Co 

(CN)6]2∙xH2O (where M = Ni, Co, Fe, Mn and Cd), providing excellent conductivity and 

diffusivity when the medium contains a sufficient amount of ionic components. Both the LD 

and the charge density experience abrupt changes with temperature, depending significantly on 

the involved transition metal 50. 
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Figure 7: Variation of the anion charge density in M1-M5 versus the reciprocal of temperature. 

 

The effective Debye length associated to this kind of membranes, can play a key role to 

rationalize the observed behavior. The values for M obtained through the fitting of tan  data 

to Eq. (5), along with the experimental data for the thicknesses of the films, have been used to 

calculate the Debye length from38 𝑀 =
𝐿

2∙𝐿𝐷
. For comparison, we also have calculated the Debye 
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length from 𝐿𝐷 =
𝐿

2
(

𝜏

𝜏𝐸𝑃
)

1/𝛼

, considering the values calculated for  and EP. The variation of 

the LD values with temperature for the different films are presented in Figure 8. 
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Figure 8: Variation of the Debye length with temperature for all the samples studied from: (A) 

from 𝐿𝐷 =
𝐿

2
(

𝜏

𝜏𝐸𝑃
)

1/𝛼

 and,  (B) from 𝐿𝐷 =
𝐿

2 𝑀
 

It must be noted that the trend for the calculated Debye length is: LD(M3) < LD(M4) < LD(M5) 

< LD(M1) < LD(M2), being the same that one followed by the electrode polarization relaxation 

time, indicating that conductivity and diffusivity are in correspondence with the thickness of 

Debye length. Polymeric membranes M1-M5 display LD values in the range between 4-100 nm. 

As could be expected, the Debye layer thickness varies with the temperature reciprocally with 

the free charge density of the films. 

Finally, when the values of the inverse Debye length can be obtained from the peaks of the loss 

tangent, the values of static permittivity s, can be estimated from an indirect method following 

the Eq. (10). This method can be compared with the equation by Anatoly Serghei53, where the 

permittivity can be expressed as a function of the fON and fMax values found from the curves of 

double logarithmic plot of σ” versus frequency (see Figure SI-4 in the Supplementary 

Information), as stated by Serghei: 

  2

02 ON

Maxdc
s

f

f




       (25) 

where fON and fMAX are, respectively, the onset frequency where the electrode polarization starts 

to develop and the full development of electrode polarization has been built. 

Figure SI-4 shows the curves of double logarithmic plot of σ” versus frequency in the whole 

temperature interval considered for M1, M2, M3 M4 and M5, respectively. From these figures, 

for each sample at each temperature, the frequency values of the onset (fON) and full 

development of electrode polarization (fMAX) were established, respectively, which allowed the 

calculation of the static permittivity, such as is indicated in Eq. (25). The mean values obtained 

following the two procedures, (following the Cole-Cole relaxation model (Eq (10) and from 

Anatoli Serghei equation given in Eq. (25)) are gathered in Tables 4 and 5, respectively. Also, 

for comparison purposes, the values observed from the experimental plots of ɛ’ versus 

frequency for all the samples were tabulated as experimental ɛs. 
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Table 4: Static permittivity in terms of Cole-Cole function taking into account the Eq. (10), 

and the experimental values (s,exp) to comparison.  

T (C) M1 M2 M3 M4 M5 

 

S  

Eq(10)Exp.

S  

Eq(10)Exp.

S  

Eq(10) Exp.

S  

Eq(10) Exp.

S  

Eq(10) Exp.

10 5.4 5.1 5.0 4,0 14.1 4.7 28.9 5.6 18.7 7.3 

20 4.8 5,3 5.0 4,1 12.6 5.0 27.9 6.5 18.3 9.1 

30 4.8 5,5 4.3 4,3 7.7 5.4 27.8 7.5 18.4 11.0 

40 7.0 5,7 4.6 4,5 21.4 6.0 27.5 8.8 18.4 13.0 

50 7.3 5,9 4.4 4,7 5.4 6.7 27.5 10.1 16.5 14.9 

60 7.5 6,2 3.0 5,0 5.1 7.5 27.5 11.5 16.3 16.5 

70 5.2 6,6 3.3 5,3 5.4 8.7 28.5 12.9 17.4 17.9 

80 3.9 6,9 4.1 5,6 5.0 9.2 27.9 14.1 17.2 19.1 

90 4.4 7,4 4.7 6,1 5.1 10.5 28.0 15.1 16.9 20.3 

100 4.7 7,9 5.7 6,6 4. 9 11.1 29.6 16.0 15.7 21.6 

110 5.0 8,5 5.3 7,3 7.9 13.2 29.7 16.7 16.0 23.0 

120 5.3 9,3 5.6 8,0 8.9 14.7 29.3 17.6 16.4 25.3 

130 5.4 10,1 6.3 8,8 8.7 15.6 29.0 18.5 15.7 26.6 

 

Table 5: Static permittivity in terms of Cole-Cole function, taking into account the Eq. (25) 

from Anatoli Serghei. 

T (°C) s M1 s M2 s M3 s M4 s M5 

10 - - - 28.9 18.7 

20 - - - 27.9 18.3 

30 4.8 4.3 7.7 27.8 18.4 

40 7.0 4.6 8.4 27.5 18.4 

50 7.3 4.4 5.4 27.5 16.5 

60 7.5 3.0 5.1 27.5 16.3 

70 5.2 3.3 5.4 28.5 17.4 

80 3.9 4.1 5.0 27.9 17.2 

90 4.4 4.7 5.1 28.0 16.9 
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100 4.7 5.7 4. 9 29.6 15.7 

110 5.0 5.3 7.9 29.7 16.0 

120 5.3 5.6 8.9 29.3 16.4 

130 5.4 6.3 8.7 29.0 15.7 

 

A comparison between theoretical and experimental results reveals the good agreement 

between the static permittivity values obtained theoretically from the Cole-Cole model 

following Eq. (10) with respect to the experimental ones. A close inspection of these results 

indicates that ɛs increases when the temperature increases for all composite samples. In general, 

at each temperature the static permittivity follows the trend s (M2) < s (M1) < s (M3) < s 

(M5) <s (M4). This may be related to the quantity of BMIM [NTf2] in the SILLPs where the 

total amount of counteranion embedded in the polymer matrix was n(M2)=9,42x1026 > 

n(M1)=8,32x1026 > n(M3)=7,0x1026 > n(M5)=4,98x1026 > n(M4)=4,65x1026 m-3. 

On the other hand, the static permittivity obtained from experimental results and calculated 

from the sample relaxation time, determined using the Cole-Cole model, and dc-conductivity, 

such as indicate in Eq. (10) shows a good agreement for the samples M1, M2 and M3 where 

they are not free IL embedded and practically the same amount of porogenic agent (VBIM 

[NTf2]) bulk IL. However, when they are free IL into the polymeric matrix the values 

theoretically calculated are higher than experimental ones, such as happen in case of samples 

M4 and M5 respectively.  

 

Conclusions 

Based on experimental measurements of conductivity, impedance, dielectric permittivity and 

loss tangent from electrochemical impedance spectroscopy, the ion mobility, diffusion 

coefficient and free charge density of BMIM [NTf2] in Supported Ionic-Liquid-Like Phases 

(SILLPs)-based membranes has been determined with a reliable method based on the Cole-

Cole relaxation. In addition, the Debye length of the system were calculated. The studied 

SILLPs show a significant increment of dc-conductivity as temperature raises. The conductivity 

values were obtained from Bode and Nyquist diagrams. The behavior of conductivity is 
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congruent in both methodologies. In the case of Nyquist diagrams the impedance of the circuit 

was modelled by a series combining two Cole-Cole functions. 

Temperature dependence of the dc-conductivity is well described by a Vogel-Fulcher-Tamman 

equation, where it could also be observed an increment in conductivity with the amount of free 

ionic liquid, and when the amount of crosslinking agent decreases, which is associated to a 

higher content in polymer supported imidazolium moieties. The Vogel temperature increases 

for lower crosslinking degrees, and decreases with the amount of free IL in the composite. 

From the values of activation energies obtained from VFT, it is suggesting that the anionic 

conduction in the films can occurs following two processes, the hopping between the 

imidazolium units, and a vehicle-type mechanism. 

From an analysis based on the Eyring’s absolute rates theory it was determined that the 

activation of entropy, and the enthalpy change both decrease with the loading of IL-like 

fragments for all samples. It is very interesting that the activation of entropy becomes negative 

for M4 and M5 films. It was interpreted that such values could be related with a decrease in the 

free volume, as the amount of free IL increases. 

The Cole-Cole equation parameters were obtained by fitting the experimental loss tangent 

curves in order to calculate the ion mobility, diffusion coefficient and free charge density. 

From the determination of the electrode polarization relaxation time and the sample relaxation 

time, it is suggested that the counteranion of the free IL affects the frequency at which the 

polarization starts to be present. The diffusion coefficients increased with temperature for all 

the films, which agrees with the behavior of the activation energies from the VFT fit, and of the 

conductivities. By other hand, the anion charge density is essentially independent of 

temperature and is directly related with the loading of imidazolium units in the polymer. 

Debye length was calculated from the parameters of the tan  fitting, and from relaxation times. 

The behavior of LD is similar to that followed by the electrode polarization relaxation time. 

Beside this, there were provided several expressions stressing the relationship between all 

relevant quantities in this work, with de Debye length. 

The results reported in this paper could contributed to a suitable determination of transport 

properties in electrochemical system, from dielectric spectroscopy measurements, and to relate 

several aspects of the characterization and behavior of the material to the Debye length in the 

system. Finally, a comparison between the static permittivity obtained from experimental 
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results and calculated from the sample relaxation time, determined using the Cole-Cole model, 

and dc-conductivity, such as indicate in Eq. (10) shows a good agreement for the samples M1, 

M2 and M3 where they are not free IL embedded and practically the same amount of porogenic 

agent (VBIM [NTf2]) bulk IL. However, when they are free IL into the polymeric matrix the 

values theoretically calculated are higher than experimental ones.  
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Figure SI-1: Equivalent circuit that comprises a resistance Rpi representing the charge 

transfer resistance at the interface sample/electrode in parallel with a constant phase element 

(CPE), representing the sample/electrode double layer. 



 

 

Table SI-1: Values of the different parameters obtained from the fitting of the Nyquist plot 

experimental data for the real and imaginary impedance of the films using the Eq. (1) at 

different temperatures.  

M1 

𝑇𝑇 [°𝐶𝐶] 𝑅𝑅𝑝𝑝,1 [Ω] 𝛼𝛼1 𝜏𝜏1 [𝑠𝑠] 𝑅𝑅𝑝𝑝,2 [Ω] 𝛼𝛼2 𝜏𝜏2 [𝑠𝑠] 𝑅𝑅0 [Ω] 

30 1.45E+07 7.78E-01 5.79E-04 5.68E+07 4.66E-01 3.54E+00 5.50E-10 

70 1.20E+05 7.35E-01 5.05E-06 7.27E+08 5.09E-01 1.53E+05 5.50E-10 

90 1.60E+09 5.88E-01 9.72E+05 2.49E+04 7.09E-01 1.53E-06 5.50E-10 

110 4.80E+03 7.75E-01 1.95E-07 4.00E+05 4.51E-01 8.00E+00 0.00E+00 

120 2.70E+03 7.75E-01 9.96E-08 3.00E+05 4.51E-01 8.00E+00 0.00E+00 

M2 

𝑇𝑇 [°𝐶𝐶] 𝑅𝑅𝑝𝑝,1 [Ω] 𝛼𝛼1 𝜏𝜏1 [𝑠𝑠] 𝑅𝑅𝑝𝑝,2 [Ω] 𝛼𝛼2 𝜏𝜏2 [𝑠𝑠] 𝑅𝑅0 [Ω] 

30 8.02E+06 7.30E-01 2.66E-04 2.56E+08 6.20E-01 2.05E+01 7.53E-10 

70 3.96E+04 7.98E-01 5.99E-06 1.99E+08 4.94E-01 9.57E+04 0.00E+00 

90 6.76E+03 7.98E-01 5.99E-07 7.59E+07 4.84E-01 9.57E+04 0.00E+00 

110 5.06E+05 5.52E-01 5.15E+00 1.73E+03 7.77E-01 1.86E-07 0.00E+00 

120 8.79E+04 5.52E-01 1.45E+00 9.56E+02 7.97E-01 1.96E-07 0.00E+00 

M3 

𝑇𝑇 [°𝐶𝐶] 𝑅𝑅𝑝𝑝,1 [Ω] 𝛼𝛼1 𝜏𝜏1 [𝑠𝑠] 𝑅𝑅𝑝𝑝,2 [Ω] 𝛼𝛼2 𝜏𝜏2 [𝑠𝑠] 𝑅𝑅0 [Ω] 

30 8.01E+05 8.54E-01 2.37E-05 2.79E+09 4.84E-01 2.09E+07 0.00E+00 

70 7.76E+03 8.38E-01 2.25E-07 1.85E+09 5.58E-01 2.58E+07 0.00E+00 

90 1.86E+03 8.38E-01 5.46E-08 1.85E+09 5.58E-01 2.58E+07 0.00E+00 

110 6.42E+02 8.22E-01 1.88E-08 6.51E+08 5.83E-01 1.10E+07 0.00E+00 

120 4.10E+02 8.22E-01 1.48E-08 6.51E+08 5.83E-01 1.10E+07 0.00E+00 

M4 

𝑇𝑇 [°𝐶𝐶] 𝑅𝑅𝑝𝑝,1 [Ω] 𝛼𝛼1 𝜏𝜏1 [𝑠𝑠] 𝑅𝑅𝑝𝑝,2 [Ω] 𝛼𝛼2 𝜏𝜏2 [𝑠𝑠] 𝑅𝑅0 [Ω] 

30 5.95E+03 7.84E-01 2.94E-07 1.65E+04 8.72E-01 6.40E-02 0.00E+00 

70 3.10E+02 9.00E-01 2.07E-08 3.07E+04 8.32E-01 9.00E-02 6.50E+01 

90 9.00E+01 9.90E-01 1.27E-08 2.57E+04 8.32E-01 9.00E-02 6.50E+01 



110 3.70E+01 9.90E-01 9.81E-09 4.50E+09 8.00E-01 9.04E+05 4.00E+01 

120 1.64E+01 9.90E-01 8.81E-09 4.50E+09 8.00E-01 9.04E+05 4.00E+01 

M5 

𝑇𝑇 [°𝐶𝐶] 𝑅𝑅𝑝𝑝,1 [Ω] 𝛼𝛼1 𝜏𝜏1 [𝑠𝑠] 𝑅𝑅𝑝𝑝,2 [Ω] 𝛼𝛼2 𝜏𝜏2 [𝑠𝑠] 𝑅𝑅0 [Ω] 

30 2.98E+02 7.40E-01 3.24E-08 3.95E+04 8.50E-01 9.97E-02 0.00E+00 

70 3.62E+01 8.00E-01 3.34E-09 2.05E+04 8.40E-01 9.97E-02 0.00E+00 

90 1.78E+01 8.60E-01 2.00E-09 2.05E+04 8.53E-01 9.97E-02 0.00E+00 

110 9.78E+00 9.50E-01 1.54E-09 1.55E+04 8.53E-01 9.97E-02 0.00E+00 

120 7.60E+00 9.90E-01 1.54E-09 1.15E+04 8.53E-01 9.97E-02 0.00E+00 

 

 

 

Figure SI-2: Temperature dependence of conductivity for the different samples studied. The 

lines represent the fit of experimental data following the VFT equation (Eq. (3) in the main 

text). 

 

 



 

 

 

Figure SI-3: Log σ’ versus log f for all the membranes (M1-M5) in all the range of 
temperatures ( ● 0°C, ● 10°C, ● 20°C, ● 30°C, ● 40°C, ● 50°C, ● 60°C, ● 70°C, ● 80°C, 
● 90°C, ● 100°C, ● 110°C, ● 120°C, ● 130°C).  

 

 

 



 

Table SI-2: Calculated values for M, τEP and α using  Eq. (5) in the main text, for the 

temperatures 20, 40, 40, 80, 100 and 120 ºC.  

 T = 20°C T = 40°C 

Membrane M τEP (s) α M τEP (s) α 

M1 2.33E+03 9.74E+00 8.90E-01 3.15E+03 6.98E-01 8.95E-01 

M2 9.82E+02 5.65E+00 8.72E-01 9.07E+02 2.05E-01 8.92E-01 

M3 1.89E+04 3.12E+00 9.72E-01 1.86E+03 2.20E-01 8.28E-01 

M4 1.76E+04 2.67E-02 9.93E-01 2.06E+04 3.98E-03 9.93E-01 

M5 8.83E+03 8.29E-04 9.82E-01 9.66E+03 2.07E-04 9.85E-01 

 T = 60°C T = 80°C 

Membrane M τEP (s) α M τEP (s) α 

M1 3.72E+03 6.43E-02 9.05E-01 1.60E+03 4.41E-03 9.30E-01 

M2 5.64E+02 9.48E-03 9.22E-01 8.20E+02 1.73E-03 9.23E-01 

M3 8.49E+03 5.25E-03 9.80E-01 8.82E+03 9.97E-04 9.81E-01 

M4 2.37E+04 1.02E-03 9.94E-01 2.62E+04 3.75E-04 9.94E-01 

M5 8.89E+03 6.54E-05 9.88E-01 9.63E+03 3.11E-05 9.91E-01 

 T = 100°C T = 120°C 

Membrane M τEP (s) α M τEP (s) α 

M1 2.08E+03 1.11E-03 9.34E-01 2.39E+03 3.48E-04 9.39E-01 

M2 1.21E+03 5.01E-04 9.25E-01 1.22E+03 1.39E-04 9.38E-01 

M3 8.16E+03 2.76E-04 9.80E-01 9.35E+03 1.97E-04 9.78E-01 

M4 3.05E+04 1.81E-04 9.94E-01 3.13E+04 9.42E-05 9.94E-01 

M5 7.99E+03 1.48E-05 9.95E-01 7.25E+03 9.01E-06 9.97E-01 

 

 

 

 

 

 



Figure SI-4 shows the curves of double logarithmic plot of σ” versus frequency in the whole 

temperature interval considered for M1, M2, M3 M4 and M5, respectively. From this figure, 

for each sample at each temperature, the frequency values of the onset (fON) and full 

development of electrode polarization (fMAX) were established, respectively, which allowed 

the calculation of the static permittivity, such as is indicate following Eq. (25). The mean 

values obtained following the two procedures are gathered in Table 5 as theoretical ɛs. Also, 

for comparison purposes, the values observed from the experimental plots of ɛ’ versus 

frequency for all the samples were tabulated as experimental ɛs. A comparison between 

theoretical and experimental results reveals the excellent agreement between the static 

permittivity values obtained theoretically following Eq. (9) with respect to the experimental 

ones. A close inspection of these results indicates that ɛs decreases when the temperature 

increases for the M1, M2, M3, M4 and M5, composite samples.  

 

 

 



 

Figure SI-4: Double logarithmic plot of σ” versus frequency in all the range of temperatures 

( ● 0°C, ■ 10°C, ♦ 20°C, ▲ 30°C, ▼ 40°C, ▲ 50°C, ◄ 60°C, ► 70°C, + 80°C, x 90°C, - 

100°C, | 110°C, ⁕ 120°C, ⁕ 130°C). The values of the fON and fMAX are determined from this 

curves and used in the Serghei expression Eq. (25) in the main text. 

 

 

 

 



 

Figure SI-5: Double logarithmic plot of ε’ versus frequency for all the studied samples in all 

the range of temperatures ( ● 0°C, ■ 10°C, ♦ 20°C, ▲ 30°C, ▼ 40°C, ▲ 50°C, ◄ 60°C, ► 

70°C, + 80°C, x 90°C, - 100°C, | 110°C, ⁕ 120°C, ⁕ 130°C). 

 

 

Table SI-3: Static permittivity in terms of Cole-Cole function, taking into account the Eq.(9) 

and the experimental values (εs,exp),  to comparison.  

T (°C) M1 M2 M3 M4 M5 

 

εS  

Eq(9)    Exp. 

εS  

Eq(9)    Exp. 

εS  

Eq(9)     Exp. 

εS  

Eq(9)     Exp. 

εS  

Eq(9)     Exp. 

10 5.4  5.0  14.1 16.4 28.9 27.5 18.7 2.9 

20 4.8  5.0  12.6 17.7 27.9 29.8 18.3 23.8 

30 4.8  4.3  7.7 13.6 27.8 12.4 18.4 23.2 

40 7.0  4.6 24.1 21.4 7.6 27.5 22.3 18.4 19.6 

50 7.3 32.9 4.4 17.8 5.4 1.3 27.5 13.1 16.5 9.3 

60 7.5 19.1 3.0 18.1 5.1 1.8 27.5 10.8 16.3 10.2 

70 5.2 24.0 3.3 10.0 5.4 1.3 28.5 12.8 17.4 10.4 

80 3.9 11.3 4.1 11.4 5.0 1.3 27.9 13.9 17.2 10.0 

90 4.4 11.4 4.7 11.8 5.1 1.7 28.0 14.1 16.9 9.2 

100 4.7 16.3 5.7 7.0 4. 9 1.3 29.6 13.5 15.7 12.9 

110 5.0 13.8 5.3 14.4 7.9 1.5 29.7 12.3 16.0 11.1 

120 5.3 17.0 5.6 7.1 8.9 1.5 29.3 10.8 16.4 23.5 



130 5.4 7.9 6.3 5.1 8.7 1.5 29.0 14.7 15.7 10.5 

 

Table SI-4: Static permittivity in terms of Cole-Cole function, taking into account the Eq.(9) 

and calculated from Eq. (25)  

T (°C) M1 M2 M3 M4 M5 

 

εS  

Eq(9)    Exp 

εS  

Eq(9)     Exp 

εS  

Eq(9)     Exp 

εS  

Eq(9)     Exp 

εS  

Eq(9)     Exp 

10 5.4 5.4 5.0 4.3 14.1 4.9 28.9 7.8 18.7 13.9 

20 4.8 5.7 5.0 4.5 12.6 5.3 27.9 10.2 18.3 17.5 

30 4.8 6.0 4.3 4.7 7.7 5.8 27.8 12.7 18.4 20.4 

40 7.0 6.3 4.6 5.0 21.4 6.5 27.5 15.2 18.4 22.5 

50 7.3 6.8 4.4 5.5 5.4 7.5 27.5 17.3 16.5 24.6 

60 7.5 7.3 3.0 6.0 5.1 8.9 27.5 18.8 16.3 27.0 

70 5.2 8.0 3.3 6.8 5.4 10.4 28.5 19.9 17.4 30.6 

80 3.9 8.9 4.1 7.8 5.0 12.1 27.9 20.9 17.2 35.3 

90 4.4 10.2 4.7 9.1 5.1 13.6 28.0 21.7 16.9 42.5 

100 4.7 11.8 5.7 10.9 4. 9 14.9 29.6 23.1 15.7 53.2 

110 5.0 13.7 5.3 12.7 7.9 16.3 29.7 24.8 16.0 69.8 

120 5.3 16.0 5.6 14.6 8.9 18.2 29.3 26.6 16.4 91.2 

130 5.4 18.6 6.3 16.0 8.7 20.7 29.0 29.3 15.7 120.0 

 

 


