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Abstract Novel all-organic polymer high-dielectric per-

mittivity composites of polyaniline (PANI)/poly (vinyli-

dene fluoride) (PVDF) were prepared by solution method

and their dielectric and electric properties were studied

over the wide ranges of temperatures and frequencies. To

improve the interface bonding between two polymers,

dodecylbenzenesulfonic acid (DBSA), a bulky molecule

containing a polar head and a long non-polar chain was

used both as a surfactant and as dopant in polyaniline

(PANI) synthesis. Synthesized conducting PANI–DBSA

particles were dispersed in poly(vinylidene fluoride)

(PVDF) matrix to form an all-organic composite with

different PANI–DBSA concentrations. Near the percola-

tion threshold, the dielectric permittivity of the composites

at 100 Hz frequency and room temperature was as high as

170, while the dielectric loss tangent value was as low as

0.9. Like typical percolation system, composites experi-

enced high dielectric permittivity at low filler concentra-

tions. However, their dielectric loss tangent was low

enough to match with non-percolative ceramic filler-based

polymer composites. Maximum electrical conductivity at

24 wt% of PANI–DBSA was mere 10-6 S/cm, a remark-

ably low value for percolative-type composites. Increase in

the dielectric permittivity of the composites with increase

in temperature from 25 to 115 �C for different PANI–

DBSA concentrations was always in the same range of

50–60 %. However, the degree of increase in the electrical

conductivity with the temperature was more prominent at

low filler concentrations compared with high filler con-

centrations. Distinct electrical and their unique thermal

dependence were attributed to an improved interface

between the filler and the polymer matrix.

Introduction

Poly(vinylidene fluoride) PVDF, which is a flexible poly-

mer with one of the highest dielectric permittivity of all

polymers, is widely applied in many potential fields
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because of its good piezoelectric, pyroelectric response,

and low acoustic impedance [1–3]. It is well known that the

phase, which provide the best ferroelectric property, is one

of existing PVDF crystalline phases. However, its dielec-

tric permittivity about 6–10 is still far lower than that of

non-polymer composites such as dielectric ceramics, etc.

[4, 5]. For further applications as dielectric material calling

for higher dielectric permittivity, it is desirable to enhance

the dielectric permittivity of PVDF substantially.

A common approach for enhancing the dielectric per-

mittivity of the polymers is to incorporate high-dielectric-

constant ceramic powder, e.g., BaTiO3 [6], PZT [7], into

polymers to form a 0–3 type composites with high

dielectric permittivity and low dielectric loss [8]. However,

owing to the low dielectric permittivity of the polymers

(i.e., e\ 10), such polymer-based composites have rela-

tively low dielectric permittivity (usually e \ 100) even

with high ceramic loadings ([50 vol%) [9]. Such high

ceramic loadings deteriorate the mechanical properties of

the composites. Thus, a key issue is to substantially raise

the dielectric permittivity of polymers, while retaining their

excellent mechanical properties. A common approach to

achieve this goal is to use conducting fillers such as metals,

carbon nanotubes, and carbon black, which utilizes the

phenomenon of percolation threshold to sharply raise

the electrical conductivity and dielectric permittivity of the

composites at considerably low filler concentrations

[10–17]. Though, these polymer percolative composites,

fabricated by a combination of conductive fillers within the

polymer matrix, possess a remarkably high dielectric per-

mittivity at low filler concentrations, but their dielectric

loss is also considerably high, impeding their use as

effective dielectric materials. Moreover, usually the inter-

facial bonding between the polymer matrices and con-

ducting fillers is not good enough. So, a mismatch of

properties between filler and polymer due to poor interfa-

cial bonding can lead to the poor mechanical properties.

Conducting polymers are relatively new class of con-

ducting organic materials which have found widespread

applications in recent times [18, 19]. These materials,

being very organic in nature, offer us a unique opportunity

as conducting fillers to employ them in percolative polymer

composites [20–22]. They not only fulfill their role as

conducting fillers but also offer excellent compatibility

with polymer matrix. This compatibility not only insures

the excellent mechanical properties but also give rise to

unique dielectric and electric properties [23]. Polyaniline

(PANI), a conducting polymer, has been employed for all-

polymer percolative composites of high dielectric permit-

tivity [24]. However, PANI when used as conducting filler

is mainly doped with mineral acids, such as hydrochloric

acid, sulfuric acid, etc. [21, 24, 25]. In the present work, we

made an attempt to further improve the compatibility of the

PANI in the matrix polymer using an organic dopant,

dodecylbenzenesulfonic acid (DBSA), a bulky molecule

containing a polar head and a long non-polar chain. It was

used both as a surfactant and dopant in PANI synthesis

using xylene as solvent. Synthesized conducting PANI–

DBSA particles were dispersed in PVDF matrix to form an

all-organic composite with different PANI–DBSA con-

centrations. The dielectric permittivity, dielectric loss, and

AC conductivity of all these composites were measured at

different temperatures and frequencies.

Experimental procedures

Synthesis of PANI–DBSA

A solution of 2.9 g (0.03 M) of freshly distilled aniline,

23.5 g (0.06 M) of dodecyl benzene sulfonic acid,

C18H30O3S, (DBSA), and 125 ml xylene was prepared in

250-ml flask. The flask was placed in bath that was

maintained at 25 �C. Polymerization was effected by the

addition of an oxidant solution containing 7.1 g (0.03 M)

of ammonium proxydisulfate, (NH4)2�S2O8, in 20 ml dis-

tilled water, and stirring was continued for 24 h. The molar

ratio of oxidant to aniline was 1: 1 and the ratio of (DBSA)

to aniline was 1:2. A dark green mixture was obtained after

24 h of polymerization. This green powder was washed

with 1000 ml of water and then was washed with 450 ml of

acetone until the filtrate was clear. Resulting powder was

dried in oven at 50 �C for 24 h. Mechanism of PANI–

DBSA synthesis is provided in Fig. 1.

Synthesis of PANI–DBSA/PVDF composites

TWo gram of PVDF, 15 ml of N, N-dimethyllformamide

(DMF), and 0.08 g of PANI–DBSA was added in a flask

and stirred for 12 h to obtain composites having 4 %

PANI–DBSA by weight in composite. PVDF here acted as

matrix material, while DMF is a solvent. Similarly, com-

posites of PANI–DBSA/PVDF having 8, 12, 16, 20, and

24 % PANI–DBSA by weight were prepared by introduc-

ing 0.16, 0.24, 0.32, 0.4, and 0.48 g of PANI–DBSA in 2 g

of PVDF. After stirring for 1 h resulting composites was

casted on the glass plates and were put in the oven at

100 �C for 1 h to drive off the solvent. Films of the com-

posites were peeled off from the glass plates and were

pressed first on hot pressing machine on 15 MP for 20 min

at 200 �C and then on the cold pressing machine under

15 MP pressure until sample were cooled down to the room

temperature. After pressing disks of composites with dif-

ferent PANI–DBSA weight percent were obtained. Area of

the disks was in the range of 1–1.3 cm2, while thickness

was in the range of 1.1–1.3 mm.
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Characterization

For the dielectric characterization, electrodes were painted

on using silver paste and samples were dried at 120 �C in

oven for 1 hour. The dielectric permittivity and electrical

conductivity was measured between 20 and 115 �C in the

frequency range of 100 Hz–10 MHz using a precision

impedance analyzer (Agilent 4294A). FTIR characteriza-

tion was performed on a Nicolet 5DX type instrument.

Microstructure was analyzed on an environmental scanning

electron microscopy (Philips-FEI XL-30).

Results and discussion

Figure 2 shows the FTIR spectra of the PANI–DBSA and

PANI–DBSA/PVDF composites which shows the symmet-

ric and anti-symmetric stretching vibrations of O = S = O

and S–O groups in PANI–DBSA sample as two peaks at

1317 and 670 cm-1, respectively. The peak at 1026 cm-1 is

due to NH4
?1…SO-3 interaction between the PANI chain

and the DBSA dopant [26]. FTIR spectra of PANI–DBSA/

PVDF shows two confirming peaks of PVDF at 615 and

765 cm-1 representing the CF2 bending and the skeletal

bending, respectively [27]. FTIR confirms the PANI–DBSA

synthesis as well as of PANI–DBSA/PVDF composites.

PANI–DBSA particles with an average size of 100 nm and

electrical conductivity value of 0.5 S/cm were obtained and

found to be dispersed reasonably in the PVDF matrix

(Fig. 3).

Figure 4a shows the variation of dielectric permittivity

of the PANI–DBSA/PVDF composite films with respect to

PANI–DBSA weight percent. The dielectric permittivity of

pure PVDF film was about 10. Usually, little increase in the

dielectric permittivity occurs unless the concentration of

conductor particles is in the neighborhood of the percola-

tion threshold [28]. When the weight percent (wt%) or

corresponding volume percent (vol%) is near the percola-

tion threshold, the composite changes from insulator into

conductor and the dielectric permittivity increases sharply.

As it is shown in the Fig. 4a, there is a giant increase in

dielectric permittivity of composite at 20 wt% of the filler

particles. The dielectric permittivity of the composite films

reached as high as 170, which is about seventeen times

higher than that of the pure PVDF matrix. Interestingly,

dielectric loss of the composites was comparatively low

near the percolation threshold. Just below the percolation

threshold (@ 16 wt%), dielectric loss tangent value of 0.06

was observed for dielectric permittivity value of 22. This

combination of dielectric permittivity and dielectric loss

tangent value at 16 wt% concentration of PANI–DBSA is

quantitatively superior compared to some of the reported

ceramic-based polymer composites. For example, reports

by Dang et al. [29] and Kobayashi et al. [30] show that to

obtain the dielectric permittivity value of around 25, they

Fig. 1 Scheme of PANI–DBSA synthesis
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Fig. 2 The FTIR spectra of the pure PANI–DBSA and PANI–DBSA/

PVDF composite
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had to add BaTiO3 inclusion of staggering 100 wt% in the

PVDF matrix. Other studies show similar result where to

raise the dielectric permittivity of ceramic-polymer com-

posites to the same level of dielectric permittivity as for

any PANI–DBSA inclusion level in our study, they had to

use at least ten times higher weight percent of the filler

[31]. One of the most important advantages to use ceramic

fillers, despite their inability to raise the dielectric value,

even at high filler concentration is their low dielectric loss

values. Our composites not only achieved quantitatively

similar dielectric values at lower filler concentrations but

also our dielectric loss was low enough to be comparable

with ceramic-polymer composites. Even at higher dielec-

tric values of 78 and 170, respective dielectric loss tangent

was at very reasonable values of 0.36 and 0.9, respectively.

Though, the dielectric loss tangent values when compared

with low concentrations of PANI–DBSA, was high for

dielectric value of 170, but it still was far lower when

compared to other conducting filler-based composites

where dielectric loss tangent was extremely high near the

percolation threshold [28]. In fact, our PANI–DBSA/PVDF

composites had a unique synergy where they combined the

‘‘high dielectric permittivity at low concentration’’ char-

acteristics of percolative composites with ‘‘low dielectric

loss at high dielectric permittivity’’ characteristics of

ceramic-polymer composites. Apart from superior dielec-

tric values at low filler concentrations for our composites,

another added advantage over ceramic-polymer composites

and the other conducting filler-based composites is that the

use of organic filler in current study will certainly insure

the better mechanical properties. Near the percolation

threshold the increase in dielectric permittivity of PANI–

DBSA/PVDF composites with increase in filler concen-

tration can be explained by the following power law:

e ¼ eo fc � fð Þ=fc½ ��q ð1Þ

where eo is the dielectric permittivity of insulator matrix,

f is the volume fraction of conductive particles, fc is the

percolation threshold, and q is a critical exponent. As

Fig. 4 shows the value of fc was 0.27 corresponding to

20 wt%, while value of q was 0.48. The value of exponent

q is much lower than the universal value of 1 [32], which

might hint a non-universal behavior of composites below

percolation threshold. Volume fraction from weight per-

cent can be calculated by density value of PANI–DBSA

(1.32 g/cm3) and PVDF (1.78 g/cm3). The increment in

dielectric permittivity of PANI–DBSA/PVDF composites

could mainly be ascribed to Maxwell–Wagner (MW)

polarization originating at the insulator-conductor inter-

faces [33]. In fact, the increase of dielectric permittivity as

well as electrical conductivity can also be comprehended

by assessing the gradual formation of microcapacitor net-

works in the PANI–DBSA/PVDF composite film with the

increase in concentration of PANI–DBSA. As shown in

schematics of Fig. 5, below the percolation threshold, the

filler particles remain in isolation, and only few short-range

conducting paths exist. However, as weight percent of

PANI–DBSA particles approached near the percolation

threshold, scattered particles of filler came such close that

inter-particle distance was short enough to make a con-

tinuous path or network resulting in sudden increase in the

dielectric permittivity. Main mechanism of electrical

transport near percolation threshold in such polymer

composites where conducting fillers are separated by a thin

insulating layer of polymers is tunneling. However, for

PANI-DBSA  

PVDF

Fig. 3 Cross-sectional SEM micrograph of 20 wt% PANI–DBSA/

PVDF composite
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Fig. 4 Dependence of

a dielectric permittivity

b electrical conductivity on

PANI–DBSA concentrations at

room temperature and 100 Hz

frequency
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tunneling to occur inter-particle distance for ideally dis-

persed particles must be in the range of few nanometers,

\1.8 nm exactly [34]. One can calculate the inter-particle

distance form a simple relation S = d[(p/6f)-1] [35],

where d is diameter of filler particles, which in this case

had an average value of 100 nm, f is the filler volume

fraction, and p is a constant. However, as no filler is ideally

dispersed and distributed; so theoretically, when calculated

for percolation threshold, tunneling distance will always

yield a higher than 1.8-nm tunneling distance. By means of

the above-mentioned relation, we found the inter-particle

distance values of 228, 138, 96, 68, 50, and 36 nm for 4, 8,

16, 20, and 24 wt% of filler, respectively. As obvious inter-

particle distance decreased exponentially (See Fig. 4b)

with filler concentration and increase in dielectric constant

was also exponential. Percolation threshold was found to

be at the inter-particle distance of 68 nm at 20 wt%, which

was considerably longer than the maximum inter-particle

distance of 1.8 nm required for the tunneling to occur.

Appearance of percolation despite the mismatch between

the inter-particle distance at 20 wt% (68 nm) and the

maximum inter-particle distance allowed (1.8 nm) for

tunneling process hints the non-ideal dispersion patterns.

Electrical conductivity in previous reports is also shown to

experience the same exponential increase near the critical

filler concentration as the dielectric permittivity [36, 37].

However, as shown in Fig. 4b, remarkably, in our com-

posites not only the increase in electrical conductivity was

marginal (10-9? 10-6 S/cm) but also increase never

experienced a classical percolation-like feature. In fact,

the conductivity-concentration curve shared the features

of semi-conducting fillers. There was a small jump

(*10-9? *10-7 S/cm) in electrical conductivity at

12 wt%, but in the vicinity of the percolation, remarkably,

electrical conductivity experienced a smooth gradual

increase. We believe this low conductivity at percolation

threshold that arises from better compatibility between

filler and polymer is main reason for low dielectric loss of

the PANI–DBSA/PVDF composites. Low electrical con-

ductivity and unique conductivity-filler concentration

curve might have been result of better compatibility

between matrix and filler polymers which resulted in a

diffused interface between them, hindering the flow of

charges in conducting filler networks, producing low con-

ductivity values, even near the percolation threshold. One

of the major drawbacks, percolative dielectric composites

suffer from, is a high electrical conductivity value near the

percolation threshold. Higher conductivity can lead to

higher leakage current and higher dielectric loss. Extre-

mely low percolation conductivity (10-7 S/cm) as well as

the low post-percolation conductivity (10-6 S/cm) at the

concentration of 24 wt% is an important feature of our

composites. It is also worth highlighting that low dielectric

loss and low electrical conductivity is required criteria for

high dielectric strength, and our composites fulfilled this

criterion.

Anomalously low electrical conductivity values and

unique quasi-linear conductivity curve may question the

presence of MW polarization and percolation phenomenon

in the composites. If the MW polarization, viz, the space

charge polarization and percolation plays an important role

in the dielectric response of PANI–DBAS/PVDF percola-

tion system, it will lead to strong dependence of the

dielectric permittivity on THE frequency, especially in low

frequency range. It is clear from the Fig. 6a that in the

region where the weight percent was less than percolation

threshold, dependence of the dielectric permittivity on the

frequency was very weak. However, when the weight

Fig. 5 Schematic depiction of

the microstructure of the all-

organic PANI–DBSA/PVDF

composite a with PANI–DBSA

\20.0 wt%, and b with PANI–

DBSA [20.0 wt%
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percent of PANI–DBSA was at or greater than the perco-

lation threshold, a strong dependence of dielectric permit-

tivity on the frequency, especially in the low frequency

range (\104 Hz), was clearly visible, confirming the MW

polarization and percolation phenomenon [38]. Dielectric

loss tangent of composites in Fig. 6b, c, at lower fre-

quencies (\400 kHz) and higher frequencies ([400 kHz),

anomalously, presented a contrasting behavior for pre- and

post-percolation threshold composites. However, at very

high frequencies ([100 k) there was a convergence of

frequency dependence for both pre- and post-percolation

threshold composites.

The dependence of dielectric permittivity, PANI–DBSA/

PVDF composites on the weight percent of PANI–DBSA, at

different temperatures is shown in the Fig. 7a, b. It can clearly

be seen over the whole weight range, even in the neighbor-

hood of the percolation threshold, the dielectric permittivity

presented an augmented response with the increase in tem-

perature from 25 to 115 �C. When the temperature was at

115 �C, the dielectric permittivity reached as high as 231,

indicating an increase of nearly 60 % form dielectric value of

148 at 25 �C. Remarkably, for every PANI–DBSA concen-

tration in our study the increase in the dielectric permittivity

from 25 to 115 �C was always in the range of 50–60 %. This

uniform increase for all the PANI–DBSA concentrations

despite different initial dielectric permittivity values is

inconsistent with already reported results that show a greater

increase in the dielectric permittivity with increasing tem-

perature for the concentrations near the percolation threshold

[39]. Furthermore, particle fillers like PANI–DBSA are bound

to show drop in the dielectric permittivity and the electrical

conductivity as particle filler networks always breakdown due

to thermally induced volume expansion of the matrix polymer

[36]. But, in this case, dielectric permittivity and also, as

shown in Fig. 8a, the electrical conductivity of the composites

increased with the temperature. Interestingly, in contrast with

dielectric permittivity, electrical conductivity experienced a

different degree of dependence for different concentrations of

PANI–DBSA. For example, the electrical conductivity of the

composites with 4 wt% of PANI–DBSA at 115 �C is nearly

an order of magnitude higher than at 25 �C. This scale of

increase in electrical conductivity is unmatchable not only for

pure PVDF but also for other PANI–DBSA-loaded compos-

ites. Dependence of the electrical conductivity on the tem-

perature at higher PANI–DBSA concentrations (in the

vicinity of the percolation threshold) was very weak, dem-

onstrating different degree of electrical conductivity depen-

dence on the temperature at low and high PANI–DBSA

concentrations. The temperature-enhanced dielectric permit-

tivity and conductivity of the composites with different

amounts of PANI–DBSA inclusions, especially below the

percolation threshold is due to specific microstructure of the

composite with particular PANI–DBSA loading, schemati-

cally illustrated in Fig. 2. It is widely accepted that when the

concentration of the conductive phase is lower than the per-

colation threshold, the enhancement in conductivity can be

explained by the inter-particle tunneling effect. Such tunnel-

ing occurs when the effective tunneling range of two fillers
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overlaps. This tunneling effect weakens if the gap between the

filler particle is large. Enhanced compatibility between PANI

and DBSA and the PVDF avoided the large gaps between the

fillers at higher temperature and allowed the tunneling range to

overlap at all temperatures. This lead to the strong enhancement

in both dielectric permittivity and conductivity due to the

emergence of the more efficient percolative path with

increasing temperature, as the inter-particle tunneling is a

thermally activated process. Figure 8b shows the dielectric loss

behavior of different composite at different temperatures. A

sharp increase in dielectric loss was observed at PANI–DBSA

concentration of 12 wt%. Increase was not prominent at and

above the percolation threshold. Dielectric loss at higher tem-

perature for 12 wt% PANI–DBSA was even higher than the

dielectric loss at the percolation threshold. Possible explanation

lies in start of the aggregation process for PANI–DBSA parti-

cles in the matrix polymers to form conductive networks. This

hypothesis is supported by a jump in the electrical conductivity

at 12 wt% PANI–DBSA concentrations in Fig. 4b.

Conclusion

Results indicate that PANI–DBSA acted as a novel filler to

achieve the PVDF-based composite with high dielectric

permittivity, low dielectric loss, and low electrical con-

ductivity. These properties come from better compatibility

between PVDF and PANI–DBSA. Increase in dielectric

permittivity with the temperature was on the same scale for

all the PANI–DBSA filler concentrations. However,

increase in electrical conductivity for the composites with

low concentration of PANI–DBSA was the most signifi-

cant. The tunneling effect between filler particles and

microstructure resulting from enhanced compatibility

between PVDF and PANI–DBSA was responsible for such

unique dependence of the electrical properties on the

temperature. These PANI–DBSA/PVDF composites due to

their unique dielectric and electrical properties can find

applications as energy storage materials for variety of

commercial uses.
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different temperatures at 100 Hz AC frequency
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