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ABSTRACT 

Dielectric and electrical properties of bio-nanocomposites based on poly (ε-caprolactone) (PCL) with different 

amounts of organomodified montmorillonite clay (MMT-ODA) were investigated by broadband dielectric 

spectroscopy in the frequency range from 1Hz to 1MHz and in the temperature range from -100 to 25°C. 

These nanocomposites were prepared by in situ Ring Opening polymerization of ε-caprolactone in open air by 

using titanium alkoxide as a catalyst. Due to the semicrystalline structure of PCL, the high number of modes 

and its overlap, the relaxation patterns observed on dielectric spectra were complicated. These relaxation data 

were modeled using the H-N empirical equation with the contribution of conductivity. The local dynamics of 

PCL were unaffected by the increase of nano-clay amount, in agreement with the DSC values of glass 

transition temperature. The PCL/MMT-ODA 3 wt% exhibited the lowest value of dielectric strength, 

indicating the strongest adhesion between PCL matrix and organo-modified clay. As for PCL/MMT-ODA 5 

wt%, the presence of agglomerate made the adhesion between PCL and MMT-ODA very weak. The obtained 

findings were congruent FTIR and XRD results. The electrical conductivity of PCL was analysed according to the 

Jonscher’s law. The obtained exponent s values referred to three models corresponding to different 

temperature ranges.  

Keywords: bionanocomposites; polycaprolactone; montmorillonite; organomodified clay; dielectric properties; 

electrical conductivity. 

1. Introduction 

Synthetic polymers are artificial macromolecular substances that have witnessed colossal progress in terms of 

variety and quantity during the last decades. Owing to the scientific and technological progress, they have 

been widely used in almost all areas of human activity. Generally, this type of polymers is non-degradable and 

the vast majority is made from non-renewable fossil fuels. Face to the depletion of petroleum resources and 

the adverse environmental problems caused by the temporary use of these polymers, many governments are 

launching initiatives to encourage the research on biodegradable polymers and its development. And since 

the 1970s, biodegradable polymeric materials, which could be cleaved by microorganisms such as bacteria in 

carbon dioxide and water biological or chemical reactions [1-4], have received a lot of attention. Therefore, to 

extend their applications, they have been associated with nano-fillers, which could bring a large range of 

improved properties (stiffness, permeability, crystallinity, thermal stability, etc.), compared to pure polymers or 

macro- and micro-composites [5-8]. The nanocomposites based on biodegradable polymers and nano-

charges, known as bio-nanocomposites, have been the topic of many researches. Layered silicates as nano-

charges and biopolymers as matrix, are currently the most promising bio-nanocomposites for a wide range of 

important applications [5]. In particular, the aliphatic polyesters have been the subject of increasing focus 

because of their biodegradability, biocompatibility and non-toxicity. Poly (ε-caprolactone) (PCL) is one of the 

best candidates. It is semi-crystalline linear and biodegradable polyester [9] with a low glass transition 

temperature (Tg = -60°C). Much research effort has been devoted to the thermal, mechanical, structural, 
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morphological and dielectric properties of PCL and/or nanocomposites based on PCL and natural nano-

charge. However, works on its electrical properties, reported so far, are limited. Grimau et al [10] and Bello et al 

[11] studied the dielectric properties of PCL using permittivity ε* and modulus M* formalism, respectively. 

Bello [11] highlighted low frequency- high temperature interfacial polarization in addition to the segmental 

mode α relaxation and local modes β and γ previously addressed by Grimau et al [10]. Woo et al [12] 

concentrated on the thermal and conduction properties of proton conducting polymer electrolyte based on 

PCL. Kevin et al [13] analyzed the dielectric spectra of PCL blended with small amounts of Cloisite 30B 

nanoplatelets. They noted a minimal Cloisite impact on vitreous state dynamics and the segmental dynamics, 

explained by weak interactions between polymer and platelets. Avella et al [14] prepared PCL based 

nanocomposites by the extrusion process and reported the effect of silica nanoparticles on thermal, 

morphological and mechanical properties of these samples.  

In our study, the ε-caprolactone (ε-CL) has been polymerized in the presence of montmorillonite nanoclay 

(MMT). The MMT clay modification by octadecylamine (ODA) is necessary to render it more organophilic, 

increase its interlayer spacing and promote its compatibility with the PCL matrix. Therefore, these organic 

compounds (polar solvents and polymers) may easily enter the galleries of the interlayers [15]. Interstingly, the 

polymerization was carried out in open air by using titanium alkoxide as a catalyst. 

The aim of this paper is to study the dielectric and electrical properties of PCL matrix. The influence of added 

clay in the dielectric permittivity and the conduction mechanism were discussed. 

2. Materials and Methods 

2.1 Materials 

The ε-caprolactone was supplied by Alpha Aesar and distilled under reduced pressure from calcium hydride 

(CaH2) before use. Hydrochloric acid (HCl) (37%) was provided by Alpha Aesar. Toluene solvent was purified by 

vacuum distillation over sodium and benzophenone, Titanium tetraisopropoxide (Ti(OiPr)4) was provided by 

Sigma-Aldrich and used as a catalyst without prior purification. The unmodified montmorillonite (Sigma 

Aldrich, 99%) noted MMT-Na (cation exchange capacity =92 meq/100g) was dried at 80 °C under vacuum for 

24 h. This clay was organomodified by octadecylamine (CH3 (CH2)17-NH2) (ODA) in acidic medium to make the 

organophilic clay and improve the monomer/clay interaction. The modified clay (MMT-ODA) was prepared by 

the cationic exchange process where the sodium ions Na
+
 in the MMT were exchanged with 

octadecylammonium ions in aqueous solution according to the procedure reported in literature [16].  

All samples were prepared by an in situ Ring Opening Polymerization (ROP) reaction using a titanium alkoxide 

Ti(OiPr)4 due to its stability in open air.  

A desired amount of organoclay (0, 2, 3 and 5 wt%) of organomodified clay ODA-MMT was dispersed first in 

50 mmol (5.7 ml) of ε-caprolactone (CL) under ultrasound (45% amplitude) for 30 min, and then by magnetic 

stirring for 24 h at room temperature was dispersed first. The catalyst titanium isopropoxide Ti(OiPr)4 was then 

added to the mixture, the molar ratio [monomer/initiator] was equal to 5000. The addition of this small 

quantity requires the preparation of a stock solution of the catalyst in dry toluene. The polymerization was 

carried into an oil bath preheated at 130 °C and then stirred for 24 h. Finally, the nanocomposite was then 

removed from the reactor and dried under vacuum at 70 °C for one day. 

2.2 Methods 

FTIR 

FTIR analysis was used to characterize the functional groups of PCL and its nanocomposites. The IR spectra 

were determined using the Perkin Elmer spectrophotometer within the wave number range from 1000 to 3500 

cm
-1

 operating at a resolution of 1 cm
-1

.  
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 XRD 

XRD analysis was used to analyse the organomodification of MMT as well as its dispersion in the 

nanocomposites. XRD patterns were collected using a Bruker diffractometer (D8 Advance model), equipped 

with a Cu Kα generator (λ = 1.54 Å). The generator tension and current were 40 kV and 40 mA, respectively. 

Bragg’s equation was used to calculate the basal spacing (d001) for the various MMT-based materials.  

DSC 

Differential scanning calorimetry (DSC) was used to determine the glass transition temperature (Tg) of PCL and 

its nanocomposites. We use a Perkin Elmer DSC-7 instrument. DSC measurements were performed on 10-14 

mg samples under nitrogen atmosphere. Samples were heated from -80 to -30°C at 10°C min
-1

 (1
st
 heating), 

cooled to -80°C at the same scan rate, then heated again to -30 at 10°C min
-1

 (2
nd

 heating). From the midpoint 

value of the jump in heat flow in the second heating run, the Tg value of each sample could be determined. 

Pyris software was used in the construction of the lines. 

TGA 

TGA analysis was used to calculate the characteristic temperature of degradation Td10% (temperature at which 

10% degradation occurred), using a Mettler Toledo TGA apparatus (SDTA 851 model). A sample (8 mg) was 

heated at 10° C min
-1 

under air. TGA curves were recorded from 30 to 900 °C. 

Dielectric measurments 

Broadband dielectric relaxation spectroscopy was used to investigate the influence of organo-modified clay on 

the dielectric properties of PCL. The dielectric measurements were performed on samples metalized by gold to 

improve the contact with the electrodes. First, the sample is placed between two parallel electrodes in the 

active cell. Measurements were performed under a sinusoidal applied voltage of 1V. The temperature range 

was from -100 to 25°C with a heating rate of 5°C/min and the measured frequency range was from 10
-1 

Hz 

until 10
6 

Hz. Data acquisition was conducted automatically via suitable software (Windata). This analysis 

permits to determine the real and the imaginary parts of the generalized complex dielectric permittivity 

defined by:  

      "'* i          (1) 

where ε׳ is interpreted as the polarization term and ε״ designs the global loss factor. 

3. Results and discussion 

3.1 Structural Characterizations  

Fig.1 shows The FTIR spectra of PCL and its bio-nanocomposites. As showing, The bio-nanocomposites 

followed the same FTIR spectra  and the characteristic bands were appearing at the same wave number, as 

neat PCL, in the 1000-3500 cm
-1

 region at room temperature. The absorption bands at 2945 cm
-1

 and 2867 

cm
-1

 were attributed to the characteristic -CH2 asymmetric and symmetric stretching vibration of PCL, 

respectively. The peak at 1722 cm
-1

 was assigned to the carbonyl -C=O stretching and 1293 cm
-1

 to the C-O 

and C-C stretching in the crystalline phase. At 1238 cm
-1

 and 1168 cm
-1

, the presence of the asymmetric and 

symmetric C-O-C stretching were shown, respectively. These characteristic peaks were observed and 

confirmed by other studies for PCL samples [12, 17-20]. There was no peak shifting or formation of a new peak 

to clay supplementation in the nanocomposites, indicating that there were no strong interactions or bonding 

between PCL and MMT-ODA. These results were in agreement with other observations that concerned PCL 

based nanocomposite spectra [21, 22]. 
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Fig. 1 FTIR spectra recorded at room temperature of neat PCL and its nanocomposites. 

It is clear that the intensity of all characteristic bands increased after the addition of modified clay from 0 to 3 

wt%. This could be caused by the good dispersion of the clay nanoparticles in the neat matrix. However, for 

the bio-nanocomposite with 5 wt%, we observed a decrease in the bands intensities. This decrease could be 

explained by the poor dispersion of MMT-ODA layers within the PCL polymer matrix. At higher loading 

amount of modified clay, the filler-filler interactions increase and form aggregates, thus the intercalation of 

PCL chains in the interlayer clay is more difficult. Similar results were reported by Salehiyan et al. [23], they 

concluded that the reduction of organoclay dispersion was attributed to the filler-filler interactions of modified 

clay at higher filler loading resulting in agglomerates, and therefore hindering the penetration of polymer into 

the organoclay gallery. 

XRD diffractograms of the clay before (MMT-Na) and after modification clay (MMT-ODA) are displayed in 

Fig.2 (a). The d-spacing of MMT-Na (d001) diffraction peak was 1.17 nm (2= 8°), which was increased to 1.78 

nm (2= 5°), as modified by ODA.  

The XRD diffractograms of PCL/MMT-ODA nanocomposites loading with 2, 3, and 5 wt% are shown n in Fig.2 

(b). The d-spacing of MMT-ODA (d001) (1.78 nm) was clearly disappeared in the PCL/MMT-ODA 2 wt% 

sample. In the case of PCL/ MMT-ODA 3w% and PCL/ MMT-ODA 5 w% samples, broad basal reflections were 

detected at lower 2-theta angles. The corresponding calculated d-spacing values were read at 3.52 and 3.86 

nm respectively, comparatively to 1.78 nm in modified MMT-ODA suggesting intercalated structures in the 

PCL polymer matrix. In addition, the intensity of the XRD peak was increased with the percentage of MMT-

ODA concentration. Due to an increase in clay concentration, the agglomerated clay structures became denser 

in the polymer matrix and polymer-clay interactions did not overcome the Vander Waals forces between 

silicate interlayers resulting in incomplete delamination of clay layers.  
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Fig. 2 XRD diffractograms for MMT-Na
+
 and MMT-ODA (a) and PCL/ODA-MMT nanocomposites (b). 

3.2 Thermal properties 

The glass transition temperature (Tg) of PCL and its nanocomposites was determined by Differential scanning 

calorimetry (DSC) (Fig.3 (a).). The obtained values of the glass to rubber transition temperature at midpoint 

from the DSC thermographs are summarized in Table 1. PCL has a glass transition temperature Tg = -59.74°C. 

After the addition of modified MMT, the Tg value is not affected. All PCL bionanocomposites exhibited Tg of -

61±2°C. Similar results were reported by various researchers for Tg of PCL nanocomposites [13, 24-27]. 

TGA analysis of PCL and its corresponding binary nanocomposites was carried out under nitrogen with a 10 

°C/min heating rate (Fig.3 (b)). The characteristic temperature of degradation Td10% (temperature at which 

10% degradation occurred), are summarized in Table 1. Due to the addition of the MMT-ODA nanofiller, a 

raise of 82°C was recorded for the degradation temperature between neat PCL and PCL/MMT-ODA 5wt%. On 

the other hand, the thermal stability of the PCL/MMT-ODA nanocomposites was improved compared to pure 

PCL, and was expressed by an increase of the degradation. It is known that the clay layers may act as a heat 

barrier and consequently contribute to the overall thermal stability of the system. [15] 
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Fig. 3 DSC (a) and TGA (b) Thermograms of neat PCL and its nanocomposites. 

Table 1 Thermal properties of PCL and its nanocomposites 

 DSC TGA 

Samples Tg (°C) Td 10% (°C) 

PCL -59.7 236 

PCL/MMT-ODA 2 wt% -61.4 305 

PCL/MMT-ODA 3 wt% -61.2 322 

PCL/MMT-ODA 5 wt% -63.2 318 
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3.3 Dielectric results 

Fig. 4(a-d) and Fig. 5(a-d) show the dielectric permittivity (ε׳) and the loss factor (ε״) for neat PCL and its 

bionanocomposites in the temperature range from -100 to 25°C, respectively. 

 

 Fig. 4 The temperature dependence of the real part of dielectric permittivity ε׳ for neat PCL (a), PCL/MMT-

ODA 2 wt% (b), 3 wt% (c) and 5 wt% (d) at different frequencies. 
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Fig. 5 The temperature dependence of the imaginary part of dielectric permittivity ε״ for neat PCL (a), 

PCL/MMT-ODA 2 wt% (b), 3 wt% (c) and 5 wt% (d) at different frequencies. 

From the above isochronal curves, two temperature ranges are well distinguished, where dielectric relaxation 

processes are detected. At the lowest temperatures (−100 to -10 °C) the dielectric analysis results of all 

samples revealed the same dielectric phenomena [10-13, 20, 28]: 

- The first process, observed at temperature between -100°C and -60°C, is associated with a β relaxation. This 

secondary mode is due to a localized mobility of fragments of PCL chains.  

- The second peak appeared at the same frequency range as β mode and around the glass transition 

temperature Tg (≈-60°C) of PCL. This process indicates an α relaxation. This relaxation mode results from 

large-range motions “dipole-elastic process” corresponding to the microbrownian segmental movement of 

the chain.  

- The third one is observed at higher frequencies (from 10 kHz to 1MHz) and for temperature between –50°C 

and -10°C, as shown in Fig.5. This new peak can be explained by the merging of α mode with the local β or 

the overlapping effect of these two relaxations. In addition, this resulting process was labeled αβ mode. The 

presence of this process was confirmed by the analysis reported by Grimau et al [10] and Bello et al [11]. These 

authors asserted that the merging of α and β modes into αβ process was evidenced at high temperature - 

high frequency range. Consequently, this strong overlap of the primary and secondary modes makes the 

calculated mean relaxation time of each mode from the maxima of the peak very difficult.  

At higher temperatures (from -20 °C to 25 °C) and at low frequencies (from 0.1 Hz to 10 Hz), ε׳ and ε״ 

exhibited a significant increase with temperature. This phenomenon can be explained by the increase of 
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mobility of charge carriers with temperature. According to previous works [10-12, 29], this important increase 

of permittivity noted at low frequency and higher temperature, is related to the ionic conduction 

phenomenon. Furthermore, in complex systems such as semicrystalline polymers with a conductive 

component, interfacial polarization is obscured by the increase of conductivity. This interfacial polarization is 

known as the Maxwell-Wagner-Sillars (MWS) and it is due to the accumulation of charges at the interfaces. In 

our case, MWS is due to the accumulation of charges at the interface between the amorphous and the 

crystalline regions of the semi-crystalline matrix and the matrix / reinforcement interface of nanocomposites. 

The variation of real and imaginary parts of dielectric permittivity versus clay amounts, at room temperature 

and f = 10 Hz, are shown in Fig.6. The incorporation of clay in the PCL enhances the value of both dielectric 

constant (ε׳) and the loss factor (ε״), except for the PCL/MMT-ODA 3 wt% nanocomposite which shows a 

decrease in the ε׳ values. This decrease can be correlated to the homogeneous nanoparticles dispersion and 

the best interfacial adhesion between MMT-ODA and PCL matrix, in agreement with FTIR and XRD analyses.  

 

Fig. 6 Variation of real and imaginary parts of dielectric permittivity with clay amounts, at room temperature 

and f =10 Hz. 

The relaxation patterns observed in dielectric spectra measured on neat PCL and its nanocomposites are 

complicated, due to the semicrystalline nature of PCL, the higher number of relaxation modes and its overlap. 

Therefore, it is necessary to model these relaxation data using the Havriliak and Negami empirical equation 

with the contribution of the conductivity term. We fit the real part ε׳ of dielectric permittivity using the 

following HN equation:  
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In this equation, the first term accounts for the conductivity contribution σ due to the space charges, where 

 note the permittivity of free space and N is the conductivity power. The second term is the superposition 

of the well-known Havriliak-Negami for n independent processes. ∆ε is the relaxation strength,  is the 

permittivity at high frequency,  is the relaxation time of the system, a is the shape parameter representing 

symmetrical distribution of relaxation time and b is the shape parameter of an asymmetric relaxation curve. 

The values of both a and b are between 0 and 1. These two coefficients act for the deviation from the Debye 

equation. 

For each temperature, dielectric data can be split into two independent relaxation processes by fitting to the 

equation (2). At lower temperature, we confirm the presence of the β and α modes, while at higher 

temperature, we noticed the presence of the MWS polarization and the ionic conduction. Fig.7 (a-d) and 

Fig.8 (a-d) provide examples of the fitting process at T= -60°C and T=20°C, respectively.  

 

Fig. 7 Example of HN model fit of neat PCL (a) and its nanocomposites PCL/MMT-ODA 2 wt% (b), 3 wt% (c) 

and 5 wt% (d) at -60°C. 
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Fig. 8 Example of HN model fit of neat PCL (a) and its nanocomposites PCL/MMT-ODA 2wt% (b), 3wt% (c) and 

5 wt% (d) at 20°C. 

From the parameter   evaluated by the fitting data, the relaxation times of each process maxτ , at which the 

dielectric loss is a maximum,can be calculated according to the following equation: 
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The relaxation time is related to viscous properties of the investigated dielectric. When plotting the ln (τmax ) 

versus the reciprocal temperature, all relaxations obeyed the Arrhenius linear behavior.  
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Where A is pre-exponential factor, Ea is the activation energy and kB is the Boltzmann constant. 

The obtained results for the activation energies of all processes are summarized in Table 2.  

These values are in agreement with those reported in earlier works [10-13]. The activation energies of α and β 

relaxation modes for neat PCL are 0.18± 0.01 eV and 0.40 ± 0.01 eV, respectively. The nanocomposite samples 

exhibited the highest activation energies compared to neat PCL. This can confirm the reinforcing effect of 
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organo-modified clay. Also we note that the three nanocomposites have the same values of activation 

energies. Consequently, the local dynamics of PCL is unaffected by the increase of MMT-ODA nanoclay 

amount. It is confirmed by the DSC results that showed no changes in the glass transition temperature with 

the increase of clay content (Table 1). The neat PCL and its nanocomposites exhibit a Tg = -61±2 °C. This result 

is in good agreement with the studies of Kevin et al who reported that the segmental and the local dynamics 

are unaffected by the addition of clay [13]. Moreover, since the activation energy does not change, the size of 

the molecular unit responsible for the movement is the same and is not affected by the added clay. 

On the other hand, the MWS polarization of pure matrix has activation energy 0.88 eV. Then, the Ea decrease 

when the clay amount varies from 0 to 3 wt%. This can be explained by the creation of new matrix/clay 

interfaces which make the accumulation of free charges carries easier. However, an increase of activation 

energy was detected at 5 wt% of added MMT-ODA. This increase can be due to agglomeration and poor 

dispersion of clay in polymer matrix at higher amount. This result goes hand in hand with the FTIR and XRD 

results shown for PCL/MMT-ODA 5wt% nanocomposite. 

Table 2 Activation energies Ea (eV) for PCL matrix and PCL/MMT-ODA nanocomposites 

Phenomenon Samples Ea(eV) 

β relaxation  PCL  

PCL/MMT-ODA 2 wt% 

PCL/MMT-ODA 3 wt% 

PCL/MMT-ODA 5 wt% 

0.40 ± 0.01 

0.46 ± 0.01 

0.44 ± 0.01 

0.45 ± 0.01 

α relaxation  PCL  

PCL/MMT-ODA 2 wt% 

PCL/MMT-ODA 3 wt% 

PCL/MMT-ODA 5 wt% 

0.18 ± 0.01 

0.24 ± 0.02 

0.26 ± 0.01 

0.26 ± 0.01 

MWS PCL 

PCL/MMT-ODA 2 wt% 

PCL/MMT-ODA 3 wt% 

PCL/MMT-ODA 5 wt% 

0.88 ± 0.01 

0.85 ± 0.02 

0.75 ± 0.03 

0.94 ± 0.03 

 

Moreover, the dielectric strength ∆ε, obtained from the HN fit, is shown in Fig.9. This parameter is related to 

the number density of dipoles involved in the observed relaxation, as well as the magnitude of their dipole 

moment and how they are correlated [30, 31]. It is defined by:  



Journal of Advances in Physics Vol 15 (2018) ISSN: 2347-3487                        https://rajpub.com/index.php/jap 

6091 

Tk

N

B

s
3

2
             (6) where  

and  are, respectively, the dielectric permittivity in the low and high frequency limit, N is the concentration 

of dipoles and the dipole moment, μ is the mean squared dipole moment and kB is Boltzmann’s constant. 

 

Fig. 9 Dielectric relaxation strength for the interfacial polarization MWS and α relaxation. 

For α relaxation, the relaxation strength ∆ε, for all samples, slightly increases at higher temperature. Then, 

the supplementation of 1wt% of organo-modified clay increases the dipole moment of the polymeric matrix 

and their mobility with the applied electric field. In fact, the organomodified clay (having polar groups) plays 

an important role in increasing the dipoles moment μ and polarization strength Δε [13]. For PCL/MMT-ODA 3 

wt%, we noticed a decrease in the relaxation strength values. This result can come from the increase in the 

degree of crosslinking, thus reducing the polarization capacity of the dipoles [32]. For 5 wt% clay amount, the 

relaxation strength is increased. The presence of agglomerates increases the dipoles mobility of the chains by 

making the PCL matrix freer. 

For the interfacial polarization MWS, the following observations could be pointed out: 

- Generally, the relaxation strength increases with the temperature. It is due to the accumulation of free 

charges at the interfaces, thus increasing the ability of the dipoles to be polarized. This phenomenon is 

amplified by temperature rise which accelerate the charge carrier mobility [33, 34]. 

- The presence of clay increase the relaxation strength ∆ε then decrease with 3 wt% of MMT-ODA. The 

decrease of ∆ε explains the strong adhesion of the interfacial region (matrix/reinforcement) and therefore 

reducing the ability of the dipoles to relax [32, 33]. So, the PCL/MMT-ODA 3 wt% presents the best and 

strongest adhesion between PCL matrix and organo-modified clay. For PCL/MMT-ODA 5 wt%, the relaxation 

strength is increased. It can be due to the increase of number of charges carries and their mobility. With a 

higher clay content, the agglomerates prevent the penetration of the polymer into the organo-clay gallery, 

making the adhesion between PCL and MMT-ODA very weak. 

3.4 Temperature dependent conductivity studies  

The study of ac conductivity elucidates the time-dependent charge movements, which can lead to conductivity 

and dielectric relaxation phenomena. This analysis may offer further insight into the distribution of the electric 

fields in the system and the field-induced perturbations. The frequency dependence of the ac conductivity (σ׳) 

for PCL and its nanocomposites, in the temperature range from -100 °C to 25 °C, is plotted in Fig.10.  
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Fig. 10 The ac conductivity (σac) versus frequency for pure PCL and its nanocomposites. 

Generally, the curve of electrical conductivity can be devised in two distinct regions i.e. the low frequency 

plateau region and high frequency dispersion region. The first region, shown at low frequency, is associated 

with the dc conductivity (σdc) in which the conductivity underlines a frequency independent plateau with an 

almost constant value. However, the conductivity is found to increase with increasing frequency in the second 

region, following a power law (Aω
s
). At low frequencies, the random distribution of the ionic charge carriers 

via the activated jump gives rise to a frequency independent conductivity. While at higher frequencies, the 

conductivity dispersion roughly increases according to the power law at even higher frequencies. Therefore, 

the Jonscher’s law can describe the expression of conductivity:  

       ,
,

s

ac dc A


   


    
      (7) 

where σdc is the direct current conductivity, ω is the angular frequency, the A and s parameters are constants 

dependent on temperature. The A parameter reflects the polarizability and s the interaction degree between 

mobile ions and the surrounding environment [32, 35]. 

In Fig.10, it is clear that there is no σdc plateau in the conductivity curves in the frequency and temperature 

ranges used in our study. At low frequency, the values of σ׳ increase slightly with both frequency and 

temperature. Then, at higher frequencies, the charge carrier’s displacement is reduced, all the isotherms 

collapse and the frequency dependence of conductivity is nearly the same. This behavior is known as the 

nearly constant loss (NCL) regime. It is related to the frequency range where the ε* value is nearly independent 

of frequency [36]. 

In order to determine the ac conduction mechanism for the present nanocomposites, we analyzed the 

variation of the exponent s as a function of temperature (Fig.11). The values of s are extracted from the slopes 

of the plot Ln σac versus angular frequency (ω). As it can be seen, this parameter depends of temperature and 
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clay content. We note that PCL/MMT-ODA 3wt% has the highest values of s, while PCL/MMT-ODA 5wt% has 

the smallest values. As the exponent s presents the degree of interaction between the mobile ions and the 

surrounding environment, we conclude that the nanocomposite with 3 wt% of clay has the lowest conductivity 

and thus 5wt% has the highest conductivity values. This is in good accordant with the results observed on the 

dielectric part. 

 

Fig. 11 Temperature dependency of the exponent s for PCL matrix and its nanocomposites. 

Moreover, the value of s is significantly affected by temperature, showing the same dependence for all the 

nanocomposites. Below the glass transition temperature, s increases slightly with temperature. Then we note 

that the mechanism conduction changes at the glass temperatures, where s decreases to a minimum value 

then increases. And after -20°C, it decreases again. Thus, several theoretical models can be invoked to 

interpret the AC conduction mechanism for the PCL and its nanocomposites (Fig.11): 

(1) The small polaron tunneling (SPT) model: the exponent s increases with temperature increase [37, 38]. This 

model can be established in a covalent solid if the addition of a charge carrier to a site causes a high degree of 

distortion of the local lattice. This model is applicable to the obtained results in the phase I (-100°C≤T≤-60°C) 

where the local β mode relaxation is depicted. 

(2) The overlapping polaron tunneling (OLPT) model: the s values decreases to a minimum value then 

increases, with the temperature increase [37, 39]. Wherever the polaron energy is derived from polarization 

changes in the deformed lattice as in ionic crystals, A mechanism for polaron tunneling has been suggested by 

Long [40]. The consequent excitation is called a large or dielectric polaron. Due to the long range of the 

Coulomb interaction, its well extends over many interatomic distances and overlap with those of other sites. 

This model is in harmony with the obtained results in the phase II (-60°C≤T≤-20°C) where the segmental α 

relaxation is depicted. 
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(3) The correlated barrier hopping (CBH) model: when the temperature increases, the values of s decreases [37, 

41]. The CBH model can be applied for many organic–inorganic materials. In this model, the conduction can 

be created via a single polaron (or bipolaron) hopping process beyond the Coulomb barrier separating two 

defect centers. The obtained results in phase III (-20°C≤T≤25°C) is in good agreement with this model, where 

the MWS polarization is defined. 

It is clear that the values of exponent s exceed the universal one (s = 0.8-1). Similar results have been found in 

some nanocomposite systems, comprising conducting and insulating phase network. Ortiz-Serna et al [36] 

explained this discordance by weak contacts between the fillers. 

Moreover, according to the jump relaxation model [42, 43], the exponent s can be related with the back hop 

rate (Br) and the site relaxation rate (Sr) by the following expression: 

r

r

S

B
s             (8) 

The back hop defines the backward motion of a hopping ion to its initial site. It can be induced by the 

Coulomb repulsive interaction among mobile ions. The site relaxation (Sr) is known as the shift of a site 

potential minimum to the position of the hopping ion due to the rearrangement of neighboring ions [42, 44]. 

If the backward hopping is slower than the site relaxation, the exponent s has a value lower than one. 

However, if the backward hopping is faster than the site relaxation, the s value is higher than one. 

Consequently, we conclude that the values of s greater than one are due to the presence of the Columbic 

repulsion between the mobile ions or a bad site for the next hop. [42] 

4. Conclusions 

We focused on the dielectric and electrical properties of bio-nanocomposites based on poly (ε-caprolactone) 

(PCL) as a matrix reinforced by organomodified clay (MMT-ODA) prepared by in-situ ROP. These properties 

were investigated via broadband dielectric relaxation spectroscopy in the frequency range from 1 Hz to 1 MHz 

and in the temperature range from -100°C to 25°C. The relaxation patterns observed in dielectric spectra 

measured were complicated, due to the semicrystalline nature of PCL, the higher number of modes and its 

strong overlap. So, it was necessary to model these relaxation data using the Havriliak and Negami empirical 

equation plus a conductivity term. From the resulting parameters of HN fit and the evolution of the activation 

energies, the effect of clay on PCL dielectric properties was investigated. The MWS polarization was strongly 

affected by the addition of MMT-ODA clay and we noticed an agglomeration and poor dispersion of clays in 

the polymer matrix at a higher amount of added clay (5 wt%). This result was in good agreement with the FTIR 

and XRD results that showed good dispersion of the clay nano-particles in the neat PCL matrix until 3 wt% of 

organo-modified clay, while, for 5 wt%, a poor dispersion and an agglomeration phenomenon were detected. 

However, the local dynamics of PCL was unaffected by the increase of the nano-clay content, followed by the 

same DSC values of Tg temperature for all samples. On the other hand, the frequency-dependent ac 

conductivity of PC and its nanocomposites was analyzed in term of Jonscher’s law. And the temperature 

variation of the exponent s proposed many theoretical models to interpret the ac conductivity mechanism: SPT 

model (-100°C≤T≤-60°C), OLPT model (-60°C≤T≤-20°C) and CBH model (-20°C≤T≤25°C). For their ability to 

store/dissipate energy under exposure to an electric field, these eco-friendly bio-nanocomposites reinforcing 

with clay are appropriate for many applications, such as fuel cell lithium ion batteries and photovoltaic that the 

fluoropolymers are used. 
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Figure caption 

Fig. 1 FTIR spectra recorded at room temperature of neat PCL and its nanocomposites 

Fig. 2 XRD diffractograms for MMT-Na
+
 and MMT-ODA (a) and PCL/ODA-MMT nanocomposites (b) 

Fig. 3 DSC (a) and TGA (b) Thermograms of neat PCL and its nanocomposites 

Fig. 4 The temperature dependence of the real part of dielectric permittivity ε׳ for neat PCL (a), PCL/MMT-

ODA 2 wt% (b), 3 wt% (c) and 5 wt% (d) at different frequencies 

Fig. 5 The temperature dependence of the imaginary part of dielectric permittivity ε״ for neat PCL (a), 

PCL/MMT-ODA 2 wt% (b), 3 wt% (c) and 5 wt% (d) at different frequencies 

Fig. 6 Variation of real and imaginary parts of dielectric permittivity with clay amounts, at room temperature 

and f =10 Hz 

Fig. 7 Example of HN model fit of neat PCL (a) and its nanocomposites PCL/MMT-ODA 2 wt% (b), 3 wt% (c) 

and 5 wt% (d) at -60°C 

Fig. 8 Example of HN model fit of neat PCL (a) and its nanocomposites PCL/MMT-ODA 2wt% (b), 3wt% (c) and 

5 wt% (d) at 20°C 

Fig. 9 Dielectric relaxation strength for the interfacial polarization MWS and α relaxation 

Fig. 10 The ac conductivity (σac) versus frequency for pure PCL and its nanocomposites 

Fig. 11 Temperature dependency of the exponent s for PCL matrix and its nanocomposites 


