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Abstract
Carbohydrate polymers are promising materials for an eco-friendly future due to their biodegradability and abundance 
in nature. However, due to their molecular characteristics and hydrophilicity, are often complicated to be investigated via 
spectroscopic methods. Thermoplastic starch plasticized by glycerol was prepared through melt processing conditions using 
twin screw extruder. Here we show how the presence of water molecules affects the dielectric response and charge transport 
dynamics over broad frequency  (10−1 to  107 Hz) and temperature (− 140 to 150 oC) ranges. Overall, 7 dielectric processes 
were observed and differentiation between electronic and ionic conductivities was achieved. Two segmental relaxation pro-
cesses were observed for each sample, ascribed to the starch-rich and glycerol-rich phases. Although the timescales of the 
two segmental relaxations were found different, both arise from the same temperature, giving thus an alternative explana-
tion on what is reported in the literature. The origin of the σ-relaxation was attributed to hydrogen ions and was found to 
be proportional to the ionic conductivity according to the Barton, Nakajima and Namikawa relation. The presence of water 
molecules was found to enhance the ionic conductivity, indicating that water contributes charge carriers when compared to 
the dried sample.
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Introduction

 As the depletion of fossil fuels progresses through the 21st 
century, petroleum-based products like synthetic polymers 
need to be recycled or replaced by equivalent eco-friendly 
alternatives [1, 2]. One of the alternatives is sustainable 
polymers that originate from renewable resources and the 
agricultural industry [3, 4]. The fact that plant-based poly-
mers are often abundant in nature, while most of them are 
also biodegradable and biocompatible makes them good 
candidate materials for various applications ranging from 
biomedicine and tissue engineering to packaging [5–11]. 
A major class of plant-based polymers is polysaccharides 
and a significant representative material is starch [12]. 
Native starch is a semi-crystalline polymer, which occurs 
in the form of isolatable granules in the size range of 
2-100 μm. Starch granules are composed of two polymers, 
namely amylose and amylopectin, both being built up of 
1,4αDglucopyranosyl repeating units [13]. While amylose is 
a linear polysaccharide, amylopectin has a highly branched 
molecular structure. The crystalline structure of native starch 
can be mostly attributed to the amylopectin chains that are 
arranged into a double helical structure [14]. Due to a large 
number of hydrogen bonds between its macromolecules, the 
processing of starch is rather difficult, since they hamper the 
mobility of the molecules greatly [15]. Therefore, unlike 
conventional thermoplastics, starch undergoes degradation 
instead of melting when exposed to heat. Under the appro-
priate processing conditions, starch can be transformed from 
a semicrystalline biopolymer to a gelatinized material [4, 
16, 17]. This new state is achieved in the simultaneous pres-
ence of plasticizers, mechanical shear stresses and heat that 
gradually destroy the initial crystalline structure and create 
a new kind of material, which is widely known as plasticized 
starch, or destructed starch. Under the above-described cir-
cumstances, molecular motion gets initiated, which allows 
the chains to slide past one another. The applied plasticizers 
can come in various forms, including water, polyols (e.g. 
glycerol, sorbitol, mannitol) and compounds that possess 
amino groups (e.g. urea, formamide) [18]. Regarding the 
processing techniques, various methods can be applied 
that are also commonly used in the plastic industry, such 
as extrusion, blowing, casting, compression moulding or 
injection moulding [19–21]. According to the literature, 
shortly after the melt processing a new single-helical crys-
talline structure gets formed, which is attributed to the fast 
recrystallization of amylose [22, 23]. This material with this 
new structure is generally referred to as thermoplastic starch 
(TPS), which is also dominated by hydrogen bonds [24, 25].

During the design of short-lived applications like 
packaging, catering, or biomedicine, it is only logical to 
avoid employing long-lasting polymers for sustainability 

purposes. Agro-resources such as polysaccharides like 
starch find application in the food, textile, paper, and 
adhesives industry [23]. After partial or complete gelati-
nization, TPS foams can be used in shock absorbable and 
isothermal packaging that can be extended to more appli-
cations. However, due to its intensive moisture sensitivity 
TPS is mostly used, when blended with other green poly-
mers [26] or reinforced with fillers [4, 16, 17]. This way, 
it can become a suitable material for various products in 
the field of agriculture, sport, hygiene and food packaging 
or storage [27] .

Polysaccharides, like starch and TPS, are complicated 
polymers from a molecular spectroscopy point of view 
because of the complexity of glucose, the various polymeric 
structures that arise from it, water content and interfaces 
between the constituents [28]. Thus, the interpretation of 
the resulting spectra is often ambiguous, depending on the 
technique [29]. One of the most prominent techniques in 
molecular spectroscopy and materials physics is Broadband 
Dielectric Spectroscopy (BDS). BDS is the go-to technique 
to examine the dielectric relaxation processes, charge trans-
port, and molecular transitions in insulating or semiconduct-
ing materials and their composites in broad temperature and 
frequency ranges [30–33].

In the present paper, the presence of adsorbed water is 
discussed in terms of the dielectric properties of TPS plas-
ticized with glycerol. Our target is to understand better how 
thermoplastic starch behaves under the application of an 
external ac electric field and draw some parallel with ioni-
cally conductive polymers. The dielectric spectra were tested 
in broad frequency and temperature ranges, revealed seven 
dielectric processes. From the observed processes, three 
are attributed to secondary relaxations of starch and two 
are segmental relaxations ascribed to the glycerol-rich and 
starch-rich phases. At temperatures above 0 oC, the dielectric 
response was dominated by the presence of migrated hydro-
gen ions (σ-relaxation) and electrode polarization. Finally, 
the charge transport dynamics of both electronic and ionic 
conductivities are presented. The presence of adsorbed water 
was observed to enhance the ionic conductivity indicating 
that water contributes charge carriers.

Experimental Section

Materials

A commercially available native maize starch, Meritena 100 
(Brenntag, Slovakia) was used as the basic polymer. The 
plasticizer for starch was glycerol of 99% purity (Central-
Chem, Ltd.). Prior to any processing, the starch powder was 
stored in a WGLL-125 BE type drying chamber (Huang-
hua Faithful Instrument) at 80 °C overnight to eliminate its 
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inherent moisture content. Subsequently, it was manually 
premixed with glycerol at the ratio of 2:1 (starch:glycerol) 
and the resulting dry mixture was fed into an LTE 20–44 
co-rotating twin screw extruder (Labtech Engineering). The 
ratio of the components was based on our previous study 
[34]. The temperature of the extruder barrel from feeder to 
die end was the following: 85, 90, 95, 100, 100, 100, 110, 
110, 120, 120 °C. The screw diameter was 20 mm, while 
the l/d of the screw was 44 and the rotation speed was set 
to 75 rpm.

Sample Preparation

After melt compounding, the samples were compression 
moulded at 130 oC using an SRA-100 type heated press 
(Fontijne Presses). Initially, the moulds were closed for two 
minutes without any applied pressure and then they were 
closed for two minutes under 2.65 MPa. The non-dried sam-
ple was used as is, whilst the dried sample was conditioned 
overnight at 50 oC under vacuum. The humidity content was 
determined via mass measurements prior and after drying 
and was found to be 4.65 ± 0.07% w/w. Cylindrical samples 
resulted in thicknesses of 359 μm and 329 μm for the non-
dried and dried samples respectively.

Broadband Dielectric Spectroscopy

BDS was performed in a temperature-controlled chamber 
using an Alpha analyser provided by Novocontrol Technolo-
gies, Germany. The voltage amplitude  Vrms of the applied 
field was kept constant at 1 V, at the frequency range of  10−1 
to  107 Hz. The temperature was controlled via the Quattro 
system (with ± 0.1 oC accuracy) and the dielectric test cell 
used was the BDS-1200, parallel-plate capacitor, with two 
gold-plated electrodes system. To assure good contact, gold 
electrodes were plated into the samples with a diameter of 
20 mm. The isothermal scans were measured in the tem-
perature range of − 140 to 150 oC, in steps of 10 oC. Noise 
in the dielectric spectra of the dried sample was observed at 
temperatures between − 70 and − 30 oC and as such these 
temperatures were not analysed via the Havriliak-Negami 
function model to avoid inconsistencies in the discussion.

Results and Discussion

Dielectric Response

The dielectric response of the samples under study as a 
function of temperature is presented in Fig. 1 employing 
the dielectric permittivity and the electric modulus formal-
isms. The complex relative dielectric permittivity ε*(ω) is 
defined below:

where ε′(ω) and ε″(ω) are the real and imaginary parts 
of relative dielectric permittivity respectively. Although 
the dielectric permittivity is the most commonly employed 
formalism, the use of different dielectric formalisms like 
electric modulus, ac conductivity and impedance is very 
beneficial towards a complete analysis [35, 36]. Thus, the 
complex electric modulus M*(ω) is connected to the com-
plex dielectric permittivity as seen in Eq. (2):

where M′(ω) and M″(ω) are the real and imaginary parts of 
electric modulus respectively.

Figure 1a shows the real part of dielectric permittiv-
ity that increases with increasing temperature, indicat-
ing that the dipoles’ orientation is a thermally assisted 
process [37]. The ε′ values below − 50 oC appear to be 
constant with two consecutive steps arising at − 50 oC 
and 30 oC respectively. The two dielectric processes cor-
respond to the dynamic glass-to-rubber transition pro-
cesses (α-relaxation) of the glycerol-rich and starch-rich 
areas respectively [38]. It is evident that upon drying, 
the ε′ values decrease throughout the whole temperature 
range. Since the presence of water prior to drying is due to 
adsorbed molecules in hydrophilic starch, the decrease in 
ε′ values indicates that water contributes to polarization. 
When water is employed in larger quantities during the 
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Fig. 1  Comparative representation of a real part and b imaginary part 
of dielectric permittivity and c imaginary part of electric modulus as 
a function of temperature at  104 Hz for both samples
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manufacturing of the samples to serve as a plasticizer, its 
evaporation has been observed to have the opposite effect 
(increase ε′ values) since the polarizability of polar groups 
is facilitated [37, 39].

According to the imaginary parts of dielectric permittiv-
ity and electric modulus (Fig. 1b and c) at the temperature 
range below − 50 oC, the indication of secondary dielectric 
processes exists, as expected [29], in the form of a shoulder 
although at this frequency  (104 Hz), peaks are not clearly 
observed. Above − 50 oC, M″ shows two clear peaks corre-
sponding to the α-relaxations for the glycerol and TPS rich 

phases, slightly shifted towards lower temperatures com-
pared to ε″. The use of electric modulus shifts dielectric 
phenomena to a higher frequency which translates to lower 
temperatures in isochronal conditions through the time-tem-
perature superposition. The presence of secondary relaxation 
processes is firmly discussed in Figs. 2 and 3.

Havriliak‑Negami Fittings

To further investigate the dielectric spectra and discern 
between the contributions of the various processes, the 
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Fig. 2  The imaginary part of dielectric permittivity as a function of 
frequency at varying temperature including the experimental (sym-
bols) and Havriliak-Negami fittings (lines) for: a  non-dried and 
b  dried TPS samples. The lines correspond to the superposition of 
Havriliak-Negami curves and the conductivity term. The correspond-

ing fittings for the real and imaginary parts of dielectric permittiv-
ity at c −100 oC, d 0 oC, and e 100 oC are presented in detail with 
the deconvoluted Havriliak-Negami and conductivity fittings being 
shown only for the non-dried sample
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semi-empirical Havriliak-Negami (HN) function model 
was employed. Here, the HN function model is utilized in 
its generalized complex permittivity form for N relaxation 
processes and conductivity contribution:

where ω is the angular frequency, < 𝜏HN > corresponds to 
the average HN relaxation time, �� is the dielectric relaxa-
tion strength where �� = �s − �∞ with �s and �∞ being the 
static and infinite frequency permittivity values respectively 
( �s = lim

�→0
�
� and �∞ = lim

�→∞
�
� ) and ε0 is the free space permit-

tivity (8.854 ×  10−12 F/m). Shape parameters m and n cor-
respond to the symmetrical and asymmetrical distribution 
of relaxation times, respectively with 0 < m ≤ 1 and 
0 < mn ≤ 1; for m = n = 1 Eq. (3) reduces to the Debye model 
for a single relaxation time [40]. The electronic conductivity 
σe is assumed to result in pure losses (no induced polariza-
tion) and in Eq. (3) is presented as σdc. The values of σdc 
were determined isothermally by employing Eq. (3). In the 
present systems, parameter s was observed to be equal to 
unity (s = 1) indicating pure Ohmic charge mechanism for 
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σdc. More information on the parameter s can be found else-
where [30, 41]. The complete frequency-dependent Havril-
iak-Negami fittings against the experimental data at all tem-
peratures are shown at Fig. 2a and b for the non-dried and 
the dried samples respectively. The individual fittings at 
− 100 oC, 0 oC and 100 oC are shown at Fig. 2c, d and e with 
the deconvoluted contributions shown for the non-dried 
sample.

In total, 7 dielectric processes were observed, namely 
γ-, β-, δ- relaxations, the α-relaxations of the glycerol-rich 
and the starch-rich phases, the σ-relaxation and finally the 
electrode polarization (from low to high temperature). Con-
trary to most polymers, in carbohydrates the δ-relaxation is 
observed at higher temperatures than the γ- and β-relaxations 
[29]. The physical origin and the dielectric characteristics of 
each are going to be discussed in detail below. It should be 
noted here that no βwet-relaxation was observed in the case 
of the non-dried sample. The presence of water molecules 
for the non-dried sample corresponds to adsorbed water 
only, which is not enough to give rise to βwet-relaxation. 
Due to the absence of fillers and excess water, no contri-
bution of interfacial polarization in the overall dielectric 
response was observed either. Generally, interfacial polari-
zation (also known as MWS-IP) appears in heterogeneous 
materials, where the individual phases are characterized by 
different electrical properties (dielectric constant and/or 
electrical conductivity values) [35]. In plain thermoplastic 
starch, interfacial polarization has not been observed in the 
past although it was visible in the imaginary part of electric 
modulus for TPS-based composites [37, 39]. However, the 
presence of interfacial polarization cannot be eliminated 
given the heterogeneous nature of TPS, although the high 
values of σ-relaxation and electrode polarization can poten-
tially mask it. Still, no indication of it was observed at the 
imaginary part of electric modulus either as with other cases 
of similar materials [37, 39].

At the temperature range below − 60 oC in total three 
dielectric processes were observed, namely the γ-, β-, and 
δ- relaxations and are attributed exclusively to starch [29] 
since no secondary relaxations are known for glycerol [42, 
43]. Since the gelatinization of starch in the presence of 
glycerol results in the melting of starch crystallites, the 
relaxation dynamics are expected to vary compared to 
untreated, pristine starch [44, 45]. The presence of the γ-, 
and β-relaxation processes in carbohydrate polymers are due 
to the orientation of hydroxyl groups and local main chain 
dynamics, respectively. The origin of δ-relaxation has been 
attributed to end groups and as such is particularly visible 
in branched macromolecules. For the dried sample, both the 
γ- and the β-relaxation processes were observed to be broad 
and asymmetrical. The Cole-Cole parameter was observed 
to be m = 0.672 ± 0.032 and 0.597 ± 0.159 for the two pro-
cesses respectively, while the Davidson-Cole parameter 
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Fig. 3  Relaxation map with the Havriliak-Negami relaxation times 
of the dielectric processes throughout the entire temperature range 
observed for both samples. The blue dotted line corresponds to the 
re-created α-relaxation dynamics of pure glycerol based on the VFT 
parameters provided by Puzenko et  al. [58] for comparison reasons. 
The Arrhenius and VFT fittings parameters are presented in Table 1 
below. The error of the obtained isothermal ‹τHN› values is expected 
to be 5% or less
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was found to be n = 0.699 ± 0.146 and 0.502 ± 0.286. The 
δ-relaxation was found to be symmetrical (n = 1) but broad 
with m = 0.374 ± 0.040. The secondary relaxation processes 
of the non-dried sample were found to require different 
Havriliak-Negami shape parameters with both the γ- and 
the β-relaxation processes being symmetrically broad (n = 1) 
with shape parameters m = 0.279 ± 0.012 and 0.441 ± 0.067 
respectively. The δ-relaxation for the non-dried sample was 
described with m = 0.388 ± 0.008 and n = 0.750 ± 0.123, 
where m and n are the average values over temperature 
obtained at isothermal conditions and the errors correspond 
to the standard deviation.

As mentioned previously, the two α-relaxation processes 
correspond to the dynamic glass-to-rubber transition pro-
cesses of the glycerol-rich and starch-rich areas respectively 
[38, 46, 47]. The dynamic glass-to-rubber transition pro-
cess (also known as the segmental relaxation) corresponds 
to the cooperative relaxation of the amorphous segments 
of a polymer chain whilst approaching the glass transition 
temperature (from high to low temperatures) [48–50]. Via 
the Havriliak-Negami equation, we observed that the two 
α-relaxation processes for both samples are broadly sym-
metrical (n = 1). For the dried sample, the Cole-Cole shape 
parameter values were observed to be m = 0.511 ± 0.020 and 
0.602 ± 0.027 for the α-relaxations of glycerol and starch 
respectively. The non-dried sample exhibited very similar 
values yielding m = 0.488 ± 0.053 and 0.591 ± 0.037.

The σ-relaxation was observed at temperatures after the 
Tg of glycerol and corresponds to ion hopping that occurs 
in most polysaccharides [51]. For pure polysaccharides, it 
has been proposed by Einfeldt et al., that sufficient residue 
of hydroxyl groups is responsible for the migration of the 
hydrogen ions [51]. Indeed, in our study we observe the 
σ-relaxation to be even more intense (higher Δε values) than 
reported for pristine carbohydrates, due to the presence of 
glycerol that contributes additional hydroxyl groups. The 
migration of ions produces polarization in its surround-
ing environment (contributes to the ε’ values) and thus is 
described by an HN fit. Interestingly, the HN shape param-
eters of the σ-relaxation are somewhat unusual (n > 1 but 
always mn ≤ 1 so the model stands both physically and math-
ematically) that result in a low frequency asymmetry. This 
unusual case of the HN function model could be the reason 
why fitting the Debye function model (m = n = 1) often fails 
to accurately describe similar materials like polyelectrolytes 
[52, 53]. The Havriliak-Negami shape parameters to describe 
the σ-relaxation were observed to be m = 0.692 ± 0.036 and 
n = 1.447 ± 0.072 for the dried and m = 0.766 ± 0.067 and 
n = 1.315 ± 0.121 for the non-dried. The proportionality 
of the σ-relaxation with the ionic conductivity is going to 
be discussed later at the “Charge Transport” section of the 
manuscript through the Barton, Nakajima and Namikawa 
(BNN) relation.

Finally, the effect of electrode polarization is observed 
at high temperatures and low frequencies and is considered 
a parasitic effect as it often masks the dielectric response 
caused by the molecular orientation [30]. It is particularly 
observed in lossy dielectric materials and is due to the 
immobilization of charge carriers at the electrode/sample 
interface and thus produces large macroscopic dipoles [54, 
55]. To model the contribution of the electrode polarization 
in both samples, we used similar Havriliak-Negami shape 
parameters as with the σ-relaxation where mn = 1. This cor-
responds to a Debye behaviour at the high-frequency side 
of the peak.

Relaxation Dynamics

The temperature dependence of the relaxation times of the 
observed dielectric processes are following either the Vogel-
Fulcher-Tammann model or the Arrhenius law according to 
Eqs. (5) and (6) respectively:

where D and Tv are the fragility parameter and the Vogel 
temperature respectively, EA is the activation energy of 
the dielectric process, and kB is the Boltzmann constant 
(8.617 ×  10−5 eV/K). In either case, τ0 is a pre-exponential 
factor that corresponds to the relaxation time at infinite 
temperature, and T is the absolute temperature. The fitting 
parameters are presented in Table 1. Usually, the VFT equa-
tion (or alternatively the Williams-Landel-Ferry equation) 
describes the temperature dependence of the dynamic glass-
to-rubber transition process [56]. A coupling between the 
temperature dependencies of ionic conductivity and dynamic 
glass-to-rubber transition process has been observed in ion-
conducting polymers [57], and thus is no surprise that here 
the σ-conductivity also follows a VFT trend. Other dielec-
tric processes including secondary relaxations most often 
obey the Arrhenius law which allows the calculation of their 
corresponding activation energy EA. Here, all γ-, β-, and 
δ-relaxations as well as electrode polarization follow the 
Arrhenius law. Although the absence of a βwet-relaxation in 
the non-dried sample is already discussed, it is interesting 
to observe that the relaxation time of the δ-relaxation upon 
drying is reduced by approximately two orders of magnitude. 
This reinforces the notion that the δ-relaxation transforms to 
the βwet-relaxation with increasing water content [29].

In terms of relaxation dynamics, the effect of drying has 
been particularly profound in the low-temperature relaxa-
tions of TPS. In either case, the activation energy values of 
the γ- and the β-relaxation processes increase in the dried 
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samples, indicating that the adsorbed water molecules 
assisted the relaxation of the corresponding dipoles. At the 
higher temperature range, the dominant dielectric process, 
namely the α-relaxations of the glycerol-rich and starch-rich 
phases respectively and the σ-relaxation do not appear to be 
significantly affected by the presence of water molecules. 
The relaxation dynamics of pure glycerol are also presented 
as re-created by the VFT fitting parameters provided by 
Puzenko et al. [58] to compare with that of the glycerol-
rich phase in TPS. It is evident that the relaxation dynam-
ics of the glycerol-rich phase within the starch matrix are 
described by higher average values of the ‹τHN› by an order 
of magnitude compared to pure glycerol. We attribute the 
slowing of the dynamics to confinement effects that essen-
tially reduce the mobility of glycerol’s segmental relaxation 
[59]. This can be expressed also as an increase in the values 
of the Vogel temperature,  TV, which in the present study 
(Table 1) was observed to be higher by 15–18 K compared 
to that of pure glycerol [58].

Another interesting result originating from our analysis is 
that the α-relaxation process of the starch-rich phase appears 
to be present at temperatures lower than reported in the lit-
erature [38]. Indeed, it is significantly slower than that of the 
glycerol-rich phase, but it arises at comparable temperatures 
(− 50 oC), as seen in the relaxation map (Fig. 3). When con-
sidering the time-temperature superposition (TTS) principle, 
their timescale difference explains the temperature discrep-
ancy observed by other techniques like Dynamic Mechani-
cal Analysis, when measured at isochronal conditions (one 
constant frequency) [26].

In Fig. 4, the dielectric strength values, Δε, as calculated 
by the HN fittings are presented for the six relaxation pro-
cesses observed for TPS. Based on the Δε values of the γ- 
and β-relaxation processes shown at 4a and 4b respectively, 
in the non-dried sample, the higher Δε values indicate that 
water molecules participate in the orientation of hydroxyl 
groups (γ-relaxation) but hinder the local movements of the 
main chain (β-relaxation), as opposed to the dried sample. In 
Fig. 4e, the Δε values of the starch-rich α-relaxation appear 
to be almost temperature-independent for the dried samples 
whilst the non-dried sample exhibits a significant reduction 
from 20 oC. At the 40–45 oC range is where water evapo-
ration initiates due to the vapor pressure of free water as 
observed in similar samples [39], this explains the discrep-
ancy between the two samples and also indicates that water 
molecules contribute to the α-relaxation of the starch-rich 
phase. At the vicinity of 70 oC and higher, the Δε values 
between the non-dried and the dried samples are very similar 
showing that the water molecules responsible for the dis-
crepancy at lower temperatures have probably evaporated.

Charge Transport

In the following part, the charge transport dynamics are 
going to be discussed separately for the electronic and 
ionic conductivities, σe and σion respectively. The σe values 
were determined via Eq. (3) fittings and correspond to pure 
losses that contribute only at the imaginary part of dielectric 
permittivity following σe/(ε0ω). Apart from the electronic 
conductivity, under the influence of an externally applied 
electric field, the hopping of hydrogen ions is contributing 

Table 1  VFT and Arrhenius fitting parameters based on equations

The fittings have  R2 > 0.85

Dielectric process VFT fitting parameters

Non-dried Dried

τ0 (s) D Tv (K) τ0 (s) D Tv (K)

α-Relaxation (glycerol) 8.0 ×  10–16 20.41 134.0 7 ×  10–15 17.75 138.0
α-Relaxation (TPS) 1.2 ×  10–9 12.50 152.0 2 ×  10–9 12.30 154.5
σ-Relaxation 1.2 ×  10–6 18.49 135.2 1.65 ×  10–6 16.90 145.0

Arrhenius fitting parameters

Non-dried Dried

τ0 (s) EA (eV) τ0 (s) EA (eV)

γ-Relaxation 3.08 ×  10–6 0.049 3.30 ×  10–8 0.094
β-Relaxation 4.28 ×  10–6 0.129 3.90 ×  10–15 0.426
δ-Relaxation
 Low T 6.13 ×  10–4 0.265 8.52 ×  10–9 0.333
 High T 1.18 ×  10–18 0.769

Electrode polarization 1.81 ×  10–5 0.369 1.83 ×  10–7 0.511
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to the overall electrical conductivity of carbohydrate poly-
mers [51]. To investigate ionic conductivity, we employed 
the complex ac conductivity σ*

ac, which is defined as seen 
below:

According to dielectric studies of solid-state polymer 
electrolytes, the ionic conductivity σion can be calculated 
as the plateau value of σ′ac where σ″ac exhibits a minimum 
[60] under the assumption that the ionic conductivity is 
significantly higher than the electronic conductivity (σion 
>> σe). In the present work, particularly at low tempera-
tures, the values between σion and σe are comparable and 
hence to correctly estimate the isothermal values of σion we 
first subtracted σe from σ′ac. The temperature dependence 
of conductivity values exhibits either VFT or Arrhenius 
types respectively:

(7)�
∗

ac
= i�0��

∗

(8)�dc = �0e
−

DTv

T−Tv

(9)�dc = �0e
−

EA

kBT

where σ0 is the electrical conductivity at an infinite 
temperature with the rest of the parameters being already 
discussed previously at Eqs. (5) and (6). The VFT param-
eters and the activation energy values from the conductiv-
ity fittings are provided at Table 2 below.

As seen in Fig. 5a and b, both the dried and non-dried 
samples exhibit the typical ac conductivity behaviour of 
dielectric materials with ions hopping. This behaviour trans-
lates to an almost frequency-independent behaviour for σ′ac 
at the frequency range that follows the peak observed at σ″ac 
[60]. With increasing temperature, both σ′ac and σ″ac values 
increase indicating the thermally-assisted nature of charge 
transport in those materials [31]. This effect is highlighted in 
Fig. 5c where the temperature dependence of both electronic 
and ionic conductivities is presented for both materials under 
study.

According to Fig. 5c, the dynamics of both the ionic 
and electronic conductivities show a crossover at 40–45°C 
which is due to the gradual, in situ, evaporation of water 
that results in the change of slope for electrical conductiv-
ity [39]. Below that temperature, the ionic and the elec-
tronic conductivities follow the Arrhenius law described 
by relatively high activation energies  (EA ~ 0.9  eV) 
indicating a high energy barrier for charge transport. At 
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temperatures higher than the crossover, the activation 
energy of electronic transport reduces to  EA ~ 0.4 eV and 
the ionic conductivity follows a VFT temperature depend-
ence. It is also evident that the non-dried TPS sample 
exhibits higher values for both σion and σe throughout the 
whole temperature range. This observation lies in the fact 
that adsorbed water molecules are contributing charge car-
riers to conduction.

To examine the relationship between the σ-relaxation 
and the ionic conductivity we employ the Barton, Naka-
jima and Namikawa (BNN) relation [61] which describes 
the proportionality between the dipolar characteristics (Δε 
and < 𝜏HN > ) of σ-relaxation and σion presented at Fig. 5d. 
The BNN relation follows Eq. (10) as seen below:

Fig. 5  Ac conductivity (real and 
imaginary parts) for the a non-
dried and b dried TPS samples. 
c Charge transport dynamics for 
electronic and ionic conductivi-
ties as a function of reciprocal 
temperature. d Application 
of the BNN relation between 
the ionic conductivity and 
the dipolar characteristics of 
σ-relaxation
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Table 2  VFT and Arrhenius fitting parameters for the temperature dependence of electronic and ionic conductivities

The fittings have  R2 > 0.97

Regime Arrhenius fitting parameters

Non-dried Dried

EA (eV) EA (eV)

σe

 Low T 0.838 0.891
 High T 0.367 0.477

σIon

 Low T 0.941 0.845

VFT fitting parameters

Non-dried Dried

D Tv (K) D Tv (K)

σIon

 High T 4.012 211.89 5.894 198.09
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where �� and < 𝜏HN > are the relaxation dielectric 
strength and the average relaxation time of the σ-relaxation 
process, respectively, with p being a constant close to unity. 
The underlying physical explanation of the BNN relation 
lays its foundations on the random free-energy barrier model 
or symmetric hopping model [62, 63] and has found appli-
cation in ionically conductive polymers [57, 64] among 
other ionic materials. In the present work, the applicabil-
ity of the BNN relation is presented where a common fit-
ting line can describe both the non-dried and dried sam-
ples with a calculated value of parameter p to be 1.273 and 
 R2 = 0.99519. The applicability of the BNN relation shows 
that indeed σ-relaxation is coupled to the corresponding 
ionic conductivity.

Conclusions

In summary, we investigated the dielectric response of ther-
moplastic starch prior to and after drying over a broad fre-
quency and temperature range. Overall, we observed seven 
dielectric processes, five due to the samples’ molecular char-
acteristics, one due to ionic conductivity of hydrogen ions 
and one due to the parasitic effect of electrode polarization. 
The electronic conductivity was observed to follow a power 
law that contributes only at the imaginary part of dielectric 
permittivity. Between − 150 and − 60 oC, three secondary 
relaxations were observed namely γ-, β-, and δ-relaxations 
attributed to hydroxyl groups, local main chain dynamics, 
and end groups respectively. At the higher temperature 
range, two α-relaxations ascribed to the glycerol-rich and 
starch-rich phases respectively were found. The glycerol-rich 
α-relaxation was observed to be slowed down by an order of 
magnitude compared to pure glycerol, as a result of confine-
ment effects from the surrounding starch matrix. Based on 
the Havriliak-Negami function analysis, we observed that 
the starch-rich α-relaxation arises from − 50 oC similar to 
the glycerol-rich α-relaxation although the two processes 
are characterized by significantly different timescales. Based 
on the time-temperature superposition principle, their time-
scale difference explains why previous DMA studies have 
found the Tg of the starch-rich at the vicinity of 40 oC when 
performed in isochronal conditions (constant frequency). 
The presence of water molecules in the non-dried sample 
was found to enhance the ionic conductivity, indicating that 
water contributes charge carriers. Finally, the ionic con-
ductivity was found proportional to the dielectric charac-
teristics of the σ-relaxation according to the BNN relation. 
This shows that they share the same physical mechanism 

(10)𝜎
ion

=
p𝜀

0
Δ𝜀

< 𝜏
HN

>

attributed to the migration of hydrogen ions that produce 
polarization in the surrounding environment.
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