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Dielectric relaxation of bisphenol A corncobs polycarbonate (BPACC) 
has been studied in the temperature and frequency ranges of 310-400K and 
100Hz-4MHz, respectively. A clear ρ, α, α' and β-relaxation processes are 
observed in these studied ranges of temperature and frequency. An analysis of 
the dielectric constant, ε', and the dielectric loss index, ε", was performed 
assuming a distribution of relaxation times as confirmed by the behavior of 
electric modulus spectra. The calculated activation energy, Ea, are 0.36eV, 
0.17eV, and 0.09eV for α, α' and β-relaxation processes, respectively. The 
behavior of ac conductivity, σac, of BPACC sample revealed that the relaxation 
occurs as a result of charge carriers between localized states. The conduction 
mechanism of BPACC sample is controlled by the correlated barrier hopping 
model (CBH).   
 

1. Introduction 

 Bisphenol A (BPA) is a valuable raw material used in the production of 
many polymers and is a fundamental building block of epoxy resins and 
polycarbonates. The end-products are used in a range of applications; including 
adhesives, potting compounds, head light covers, and lenses. In the past few 
years, a rapidly growing demand for bisphenol A in industrial scale is for use in 
high-tech production, such as compact discs and digital video discs [1-4]. 
Bisphenol A corncobs (BPACC) is synthesized through the condensation reaction 
of BPA and the powder of Egyptian corncobs [5, 6]. Both chemical analysis and 
IR spectroscopy have shown that BPACC resin has a complicated structure. The 
resin structure includes furan and lignin hydrolysate units, which are present in a 
random alternation in the resin chains IR spectroscopy of soda lignin/ bisphenol 
resin shows the presence of aliphatic methyl, methylene,  
O-CH3, and strong OH groups [7].  
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The dielectric constant ε' and the dielectric loss factor ε" are crucial 

quantities required in the design of the devices. The temperature and frequency 
dependence of dielectric properties reveal much information on the chemical and 
physical state of the polymer [8]. The dielectric behavior of polymer is 
determined by the charge distribution and also the statistical thermal motion of its 
polar groups. The study of the dielectric relaxation behavior constitutes a 
powerful approach for obtaining information about the nature of the molecular 
motions. In addition, it explains the manner in which these motions are affected 
by the chemical composition, molecular structure and morphology [9].   

 
In polymer system, there are two main chain motions. The first is the 

micro-Brownian motion, which occurs at the glass transition temperature (Tg). 
The second is a more local type motion, which occurs in the glassy state. The 
detailed mechanism of the second type seems rather uncertain; a local relaxation 
mode has been proposed to explain it [10]. Where, the time scale shorter than the 
micro-Brownian motion has been suggested and the main chain can be regarded 
as a small scale, confined to neighborhood of the local equilibrium conformation. 
Above Tg, the material become electrically conductive and shows a sharp 
increase in the dielectric constant as a result of the interfacial polarization. This 
is due to the trapping of free change carriers at the boundaries, which exist 
between crystalline and amorphous phases [11].  

 
The electric modulus (M*) is defined as the inverse of the complex 

permittivity e* by the following equation [12, 13]: 
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where M' and M" are the real and the imaginary parts of the electric modulus. 
Recently electric modulus has been adopted for the investigation of electrical 
relaxation effects in polymers [14, 15]. The use of electric modulus offers some 
advantages in interpreting bulk relaxation process since by its definition variation 
in the large values of permittivity and conductivity at low frequencies are 
minimized. Thus, common difficulties like electrode nature and its contact, space 
charge injection phenomena and absorbed impurity conduction effects, which 
appear to obscure relaxation in the permittivity presentation, can be resolved or 
even ignored [16].  
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In this paper we investigate the dielectric relaxation of bisphenol A 
corncobs resin in the temperature and frequency ranges of 310-400K and 100 
Hz-5MHz, respectively. The electric modulus representation has been used to 
provide comparative analysis of the ion transport properties. Finally, the ac 
conductivity of BPACC was examined to give evidence about the type of 
conduction mechanism in BPACC sample.  
 
2. Experimental 

BPACC was prepared by adding the powder of corncobs to the bisphenol 
A in the weight ratio 1:1 (5g of each) together with 0.566g mole HCl/50ml and 
maintaining at 95-100oC for 8hr. The product was cooled and neutralized with 
0.1 of ammonium hydroxyl solution. The sample was washed with a diluted 
acetic acid (30%) to remove any bisphenol molecules [6, 7]. The polycondensate 
was washed with hot water and allowed to dry. The dry resin was ground to a 
powder. The chemical structure of BPACC is shown in scheme.1 [7]: 

 
Scheme 1: The chemical structure of BPACC. 

 
A tablet of the investigated sample was obtained by presses 2.0 mg of 

BPACC under the pressure of 1.96 x 108 N/m2. The obtained BPACC sample 
has a radius and a thickness of 0.45cm and 1.3mm, respectively. Dielectric 
spectroscopy measurements were accomplished using a Hioki (Ueda, Nagano, 
Japan) model 3532 High Tester LCR, with the accuracy of order ± 0.08%. The 
dielectric constant, ε', and dielectric loss factor, ε", were recorded at frequency 
and temperature ranging from 100Hz to 5MHz and 300–400K, respectively. ε', 
and ε" were calculated as follows: 
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ε ='                                                                 (3) 

)tan('" δεε =                                                         (4) 
 
where C is the capacitance of the sample-filled capacitor, d is the sample 
thickness, εo is the vacuum permittivity, and A is the electrode area. The 
temperature of the sample was measured with a T-type thermocouple. The 
measurement accuracy for the temperature was about ±1K. 
 

3. Results and discussion:  

Figure 1(a,b) shows temperature dependence of ε' and ε" for bisphenol A 
corncobs polycarbonate (BPACC) at some selected frequencies. It is clear that, 
the values of ε' of the investigated sample decrease with the increase of the field 
frequency. This can be discussed as follows: at low frequency the dipole of the 
sample can follow the direction of the electric field but at very high field 
frequency it can no longer follow the applied field. Then, the decrease of ε' with 
the increase of the field frequency can be assigned to the reduction of the number 
of the dipoles which contribute to the polarization process. Also, the behavior of 
ε' and ε'' undergoes two relaxation processes namely α and α' relaxation one at 
340 and 363K, respectively. α-peak centered at 337Κ for ε'(T) and at 340K for 
ε''(T). This process corresponds to the segmental relaxation which associated 
with the glass-rubber transition temperature, Tg. At this temperature micro-
Brownian motion of long chain segments in the amorphous regions of BPACC 
takes place.  

 
The α'-relaxation process  which located at 363K for ε"(T) is related to the 

segmental motion of the polar groups in crystalline phases of BPACC structure. 
This process is probably due to the dipole relaxation within the crystalline or in 
the regions intermediate between the amorphous and the crystalline phases of the 
backbone structure of BPACC sample. Also, above 370K there is increase for ε' 
and ε" at low frequency. This effect can be attributed to the motion of space 
charges that are accumulated in the polymer close to the electrode during 
formation. This indicates that the behavior of ε" undergoes ρ–relaxation process. 
On the other hand the increase of ε' at low frequency and at higher temperature 
can be assigned to the motion of the free charge carriers within the sample. It 
moves thoroughly the amorphous phase of BPACC structure. These carriers are 
hindered in their motion by the crystalline phases of the sample and pile up at the 
interface between the amorphous and the crystalline phases. This causes the 
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build-up of a macroscopic charge separation or space charge polarization [15, 
16].  
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Fig. 1(a,b): Temperature dependence of ε' and ε" for BPACC sample at 

some constant frequencies. 
 
Figure 2(a,b) illustrates the frequency dependence of ε' and ε" for BPACC 

at some fixed temperatures, It is noticed that ε'(f) exhibits two relaxation peaks 
namely α- and β-relaxation processes at 200kHz and 2MHz, respectively. While 
the behavior of ε" undergoes three relaxation processes namely α-, α'- and β-
peak, at 80 kHz, 500 kHz, and 1.5 MHz, respectively. The α-relaxation peak is 
certainly due to the micro-Brownian motion of the main chain of the polymeric 
material [17, 18]. This process is assigned to the release of frozen in dipoles by 
their cooperative motion with adjoining segments of the main chain. The α'-peak 
can be ascribed to the rotational polarization of the two phenyl groups of 
BPACC. So, with the increase of the field frequency the contribution of 
rotational polarization of phenyl groups which attached directly to main chain of 
BPACC becomes significant. In addition, the polarization of the two hydroxyl 
groups plays an important role in this process. 
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Fig. (a,b): Frequency dependence of ε' and ε" for BPACC sample at some 

constant temperatures. 
 
β-relaxation process can be attributed to the local motion of the dipole 

within the crystalline phases of the investigated sample. The peak height of this 
process shafts to lower frequency with the increase of the temperature. This 
means that the length of the order phase reaction is reduced with the increase of 
the temperature. This agrees with some suggestions in literature [19]. Also,  
β-relaxation process is associated with the local motion determined by rotational 
or vibrational fluctuations of the side groups. So, the polarization of the two 
aliphatic methyl groups and O-CH3 has a great influence in the emergence of β-
relaxation. 

 
The temperature dependence of real M' and the imaginary M" parts of 

complex modulus for BPACC sample at some fixed frequencies is shown in Fig. 
3 (a,b). It is observed that the values of M' approximately constant with the 
increase of temperature up to 370K at each frequency. This means that the role 
of the electrode polarization for α- and α'-relaxation processes is vanish. This 
indicates that the nature of the dielectric constant of BPACC sample is thermally 
activated [20, 21]. Above 370K, M' decreases rapidly with the increase of 
temperature especially at low frequency (100Hz). Also, the behavior of M" 

a 

b 
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exhibits undergoes three relaxation processes α, α' and ρ–peaks as mention 
earlier. The occurring of dielectric relaxations α, α' and ρ-peaks is the 
consequence of the efforts carried out by the polar segments of the polymers 
system, to follow the imposing direction of the applied alternating field. Near Tg 
the segmental mobility of the polymer is enhanced and the orientation of the large 
parts of the molecular chains is facilitated.  
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Fig. 3(a,b): Temperature dependence of M' and M" for BPACC sample at 

some constant frequencies. 
 
At lower temperatures, relaxation occurs due to the orientation of smaller 

polar groups such as side groups or local segments of the main chain [22]. 
However, the existence of the ρ–relaxation process, at higher temperature and at 
lower frequencies for BPACC sample, gives rise to the interfacial polarization or 
Maxwell Wagner Sillars (MWS) effect [23, 24]. The peak height values of M" 
were found to be lower than obtained for ε" as in Fig. 2(b). This indicates the 
removal of the electrode polarization. It can be suggested that the ρ-relaxation 
process in BPACC is characterized by a combination of MWS process and dc 
conductivity. In addition, the free charge carriers which trapped by the 
surrounding crystallites, accumulate at the interface and move through the 
amorphous phase under the influence of an applied alternating electric field. 

a 
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Figure 4 (a,b) depicts the frequency dependence of M' and M" for BPACC 

sample over the temperature range from 310K to 380K. It is clear that BPACC 
exhibits three relaxation processes. The first is α-peak, located at 80 kHz for 
M"(f), is due to the reorientation of the polar segments of the polymer main chain 
during Tg [13]. The second is α'-peak, located at 500 kHz for M"(f), is due to 
the reorientation of the polar groups such as phenyl and OH ones within the 
crystalline phases of the investigated sample. The third is β-peak, located at 1.5 
MHz for M"(f), is attributed to the rotational polarization of the two methyl and 
O-CH3 groups which contribute to the polarization process at higher frequency. 
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Fig. 4(a,b): Frequency dependence of M' and M" for BPACC sample at some 

constant temperatures. 
 
The loss curves at varies temperatures for α, α' and β-relaxation processes 

can be reduced to a master curve by using the peak position (fmax) and the peak 
height values (ε"max) and (M"max). So, the variation of normalized parameters 
(ε"/ε"max) and (M"/M"max) as a function of log(f/fmax) for BPACC sample is 
shown in Fig. 5. The shape of these curves shows an asymmetric behavior and it 
broader than that of Debye relaxation. Consequently, a nonsymmetrical 
distribution of relaxation time exists. The overlap peak position of (ε"/ε"max) and 
(M"/M"max)  curves is evidence of delocalized or long-range of α-relaxation 
process, Fig. 5 (a). However, for the present system the (ε"/ε"max) and 

a 

b 
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(M"/M"max) peak don’t overlap for α' and β-relaxation but are a very close. This 
suggested that the components from both long range and localized relaxation are 
present are present [25]. 
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Fig. 5(a-c): (a) The dependence of (ε"/ε"max) and (M"/M"max) on (f/fmax)  
                        for α-relaxation process. 
                   (b) The dependence of (ε"/ε"max) and (M"/M"max) on (f/fmax)  
                        for α'-relaxation process. 
                   (c) The dependence of (ε"/ε"max) and (M"/M"max) on (f/fmax)  
                        for β-relaxation process. 

 
 

The Cole-Cole plots are good technique in order to investigate the 
relaxation mechanism in polymers [14, 26, 27]. The Cole-Cole plots of ε' versus 
ε" of α, α' and β-relaxation for BPACC sample at different temperatures are 
shown in Fig. 6 (a-c). This semi-circle of Cole-Cole diagram has been used to 
determine the distribution parameter (γ), the effective relaxation time, τo, and the 
molecular relaxation time, τ. By knowing of γ and τo, τ can be determined by 
using the relation [14)]: 

 
γωτ −= 1)( oV

U
                                                        (5) 

 

a b 

c 
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where U is the distance from a particular data point in the Cole-Cole plot from 
the optical dielectric constant ε∞ and V is the distance of the same data point 
from the static dielectric constant εs and ω is the angular frequency. The 
parameter γ equal zero when the compound has only one relaxation time, whereas 
for a series of relaxation times, the value of γ varies from 0 to 1. The extent of 
the distribution of the relaxation time increases with increasing γ parameter. The 
relaxation time, τ, could be calculated by [28]: 
 

o
o

o τ
ε

εε
τ

3
2 ∞+

=                                                      (6) 

 

The values of γ, and τo Eq 5 are calculated and listed in Table (1). The 
temperature dependence of τ for α, α' and ρ–peaks can be expressed by a 
thermally activated process in the form of an Arrhenius relation [14, 28]: 
 

)exp(
kT
Ea

oττ =                                             (7) 
 

where Ea is the activation energy, k is the Boltzmann's constant, and T is the 
absolute temperature. Fig. (7) represents the reciprocal temperature dependence 
of τ. The calculated values of Ea were found to be 0.36eV, 0.17eV and 0.09eV 

a b 

c 

Fig. 6 (a-c): Cole-Cole plots (ε"versus ε') for  
                    (a) α-relaxation process  
                    (b) α'-relaxation process  
                    (c) β-relaxation process.  
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for α, α' and β-relaxation processes, respectively. The values of Ea are in good 
agreement with the reported data for the activation energy α, α' and  
β-relaxation processes [29-31]. 
 
Table 1: The values of γ-parameter and τo for BACC sample. 
 

T K γα-process γα'-process γβ-process τo α-process 
X10-6 sec  

τo α'-process 

X10-7 sec  
τo β-process 

X10-8 sec  
310 0.13 0.07 0.22 9.00 3.18 5.40 
330 0.10 0.07 0.244 3.80 3.00 0.50 
360 0.05 0.05 0.13 3.62 3.80 0.82 
380 0.05 0.30 0.44 0.67 2.40 0.47 
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Fig. (7): The reciprocal temperature dependence of relaxation time (τ). 

 
 

Figure (8) shows the temperature dependence of the dielectric strength, ∆ε, 
of the investigated sample. It is clear that the values of ∆ε for α, α' and  
β-relaxation processes increase with the increase of temperature. This can be 
discussed as follows: the increase of the temperature leads to increase of the 
molecular mobility of BPACC sample. This will assist the dipoles or the polar 
groups to orient toward the direction of the applied electric field. This will 
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increase the peak intensity for α, α' and β-relaxation processes. For the dipolar 
nature of the relaxation phenomenon, a decrease of ∆ε is expected according to 
Curie's law (∆ε α1/T) [32]. Consequently, this is contrary to the behavior 
observed in Fig. 8. So, it can suggest that the magnitude of ∆ε depends on not 
only the dipole concentration and its dipole moment but also is governed by the 
inter-chain interaction between adjacent chains. These interactions become 
weaker with the increase of the ambient temperature. So that the decrease of the 
effective dipole moment due to Curie's law is more than balanced by the 
diminishing inter-chain constraints. In addition the lateral movements of the two 
methyl groups effectively hindered the reorientation of the polar groups, such as 
phenyl, O-CH3 and OH ones of BPACC structure. Consequently, a moderate net 
increase of ∆ε with the increase of temperature is observed.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. (8): The temperature dependence of ∆ε for BACC sample. 
                       

  

The frequency dependence of ac conductivity σac at low temperature side of 
a-relaxation process at some fixed temperatures for BPACC sample is shown in 
Fig. 9(a). The behavior of σac as a function of the field frequency at low 
temperature is described by [23, 33, 34]: 

 
s

ac Aωσ =                                                             (8) 
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where A is constant, ω is the angular frequency and s is a fractional exponent 
between 0 and 1. In general the study of the temperature dependence of s is 
expected to be helpful in elucidating the microscopic dielectric mechanism 
responsible for ac conductivity.  Several models based on the relaxation caused 
by the hopping or tunneling of electrons between equilibrium sites have been 
developed to explain the frequency and temperature dependence of σac. However, 
these models are applicable only within a limited temperature range. The values 
of s in the present work are obtained from the slopes of Fig. 9(a). Fig. 9 (b) 
represents the dependence of s on the temperature. It is clear that the values of s 
decreased as the temperature is increased. So, the conduction mechanism of the 
ac conductivity can be explained in terms of the classical barrier hopping model 
(CBH) [33, 34]. For this model, it was supposed that the charge transport 
between localized states is mainly due to hopping over the potential barrier 
separating the states. For a single electron transfer the following equation could 
be achieved [23, 34]:  
 

HW
kTs 61−=                                                            (9) 

where WH is the effective energy of the barrier for a single electron hopping. The 
calculated values of WH are listed in Table (2). The values of WH are nearly 
equal to Ea of α-relaxation process, which calculated by using Eq 7. This may be 
attributed to the existence of the micro-inhomogeneity of BPACC sample [23]. 
Furthermore, the temperature dependence of s revealed that the conduction 
mechanism of σac for BPACC sample controlled mainly by the correlated barrier 
hopping model CBH. 
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Fig. (9): (a) The frequency dependence of σac for α-relaxation process. 
              (b)  The temperature of s exponent for α-relaxation process.    
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Table 2: The values of WH for α-relaxation process of BPACC sample.  
 

T K WH eV 
310 0.84 
330 0.54 
360 0.49 
380 0.51 

     
4. Conclusion 

The dielectric investigation of BPACC revealed that the existence of four 
relaxation processes namely ρ, α, α' and β. The first is due to the space charge 
transition which due to the chain trapping at the interfaces or MWS polarization. 
The second is due to micro-Brownian motion of the segmental motion of the main 
chain of the BPACC. The third is assign to the segmental motion of the phenyl 
and hydroxyl groups. The fourth is attributed to the local motion of the dipolar 
groups such as methyl and O-CH3. Both dielectric constant and electric modulus 
relaxations show that BPACC sample has a distribution times. An analysis of σac 
gives evidence about the conduction mechanism for BPACC. The hopping of 
charge carriers between localized states is dominant conduction mechanism. 
Finally, the behavior of σac conductivity is controlled by CBH model. 
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