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ABSTRACT

The electroactive polymers have been the subject of many studies in the last decade, mainly because its
unique properties. They are used in composite structures, which allow its application in many fields, as for
example, sensors and artificial muscles. The electrical properties of these composites are influenced by the
doping state of the electroactive polymer, which is controlled during its synthesis process. Therefore, this
work aimed to evaluate how the synthesis parameters influence the electrical conductivity of the composite
PANI/PVDF.The synthesis parameters evaluated were the concentrations of monomer, initiator and dopant,
and the synthesis time. PANI was obtained by chemical polymerization in a solution containing PVDF and
the solvent DMF. To evaluate possible changes in the chemical structure of the composite, the samples were
submitted to FT-IR and XRD analysis. It was possible to conclude that the parameters relative to the produc-
tion of PANI directly influence in the electrical conductivity of the composite. So, the sample produced with
major quantities of monomer, initiator and dopant were statistically significant to increase the electrical prop-
erty of the composite.

Keywords: Conducting polymers; polyaniline; poly (vinilidene fluoride); electrical conductivity; polymer
composites.

1. INTRODUCTION

For many years, several types of electroactive polymers (EAPs), which are a class of materials that exhibit
coupled electro-mechanical behavior at large strains, have been studied [1][2]. The predominant class of
organic electroactive materials employed in these devices consist of p-conjugated polymers. These poly-
mers present p-electron delocalisation, arising from conjugated double bonds in the polymer backbone.
They are usually termed conducting polymers, since they can show very high electrical conductivity in
doped states (p-doping or n-doping), although being insulators when undoped (neutral state)[3].

This class of polymers have been widely investigated for different kinds of applications, including
chemical, physical and biological sensors, actuators, a large number of electronic and optoelectronic devices,
anti-corrosive coating, biosensors, electrochromic devices, as electrodes for batteries,in robotics, biomimetics
and smart structures [4][3][2][5][6][7]. In the biomedical field this polymers are used in the development of
artificial muscles, the controlling of drug release and as a stimulus for the regeneration of nerves[8].
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EAPs present innumerous advantages over other class of materials, as for example: lightweight,
pliable, quiet and shatterproof and boasting electromechanical properties that can be tailored to meet the
needs of specific applications. In addition, electroactive polymers offer many of the typical advantages of
polymers, such as ease of manufacture and formability [1]. They have also gained particular attention due
to properties such as biocompatibility and biodegradability[9].

Among the EAPs, polyaniline (PANI) is by far the most investigated one, due to its particular elec-
trical and optical properties. It is easily synthesized chemically and electrochemically, easily doped by pro-
tonic acids, chemically stable at room temperature conditions, high conductivity, and low cost [4][10][11].
The aniline polymers also have controllable electrical conductivity, environmental stability and interesting
redox properties associated with the nitrogen chains.

The aniline polymers have the general formula [(-B-NH-B-NH-),(-B-N=Q=N-),];, in which B
and Q denote the C¢H, rings in the benzenoid and quinonoid forms, respectively. Thus, the aniline poly-
mers are basically poly(p-phenyleneamine)s, in which the intrinsic oxidation states can vary from that of
the fully reduced leucoemeraldine (y = 1), through that of the 50% intrinsically oxidized pernigraniline (y =
0). The polymer can achieve a highly conductive state either through protonation (doping) of the imine ni-
trogens (=N-) or through the oxidation of the amine nitrogens (-NH-) in its fully reduce leucoemeraldine
state[17].

One disadvantage of chemically obtained PANI is its low solubility in most of the organic solvents
and low fusibility[13], thus making it difficult to prepare cast films and so on. On account of this, blends
and composites with other kind of polymers have received great attention since there is a possibility to
combine the excellent mechanical properties and high processability of the usual polymers with the electric
conductivity of conducting polymers, consequently increasing the technological potential of these materials
[4].

There are several conventional polymers used in the preparation of conductive blends and compo-
sites. Among these polymers, poly(vinylidene fluoride) (PVDF) has attracted much interest because it is
easily processable and highly flexible, with excellent mechanical[13], piezoelectric and pyroelectric proper-
ties [14,15], electrochemical stability, affinity to electrolyte solutions and exhibits ionic conductivity in the
range of 10 *to 10 Sem ' at room temperature [16].

The electroactive properties of this material heavily depend on the phase content, microstructure
and crystallinity degree of the material, which in turn depend on the processing conditions [17]. PVDF ex-
ists in four different phases. The commonly occurring a-phase is monoclinic and has non-polar structure.
Out of four phases, B-phase (orthorhombic) has polar structure and exhibits piezoelectric effect [14]. In
particular, the microstructure of a-PVDF plays an important role in the a- to B-phase transformation by
stretching. This stretching process is the typical way for obtaining the most common electroactive poly-
morph and deeply influences the properties of the B-phase [17]. Often in the form of films, PVDF is me-
chanically drawn to orient its molecules and polarized to yield strong piezoelectric behavior. Thus, the ap-
plication of an electric field across the thickness of the film (in the direction of polarization) will cause a
decrease in thickness due to the reorientation of its molecules and net polarization. Conversely, application
of a physical force will yield an electrical response at the surface of the polymer [1].

Blends or composites of PVDF and PANI have been investigated in recent literature because of the

combination of the excellent mechanical properties and resistance to chemicals of PVDF with the high elec-
trical conductivity of PAni [18].

In the literature one can find a variety of methods to achieve the polymerization of PANI in con-
junction with PVDF. Among these methods, the one with the best combination of processability, thermal
stability and homogeneity is where aniline is polymerized in a solution of in situ PVDF [4,13].

By this time, this work aims to study the effect of synthesis parameters in the electrical conductivity of a
PANI/PVDF composite. The synthesis parameters studied were the concentration of monomer (aniline), the
concentration of oxidizing agent (ammonium persulfate), the concentration of doping agent (TSA) and the
time of synthesis. These parameters were chosen because they may influence in the amount of doped aniline
present in the composite, what will influence in the electrical characteristics of the same.

2. MATERIALS AND METHODS

The monomer aniline, p-toluene sulfonic acid (TSA), ammonium persulfate and dimethylformamide-N,N
(DMF) were purchased from Vetec Quimica Fina-Brasil and were used without previous purification. The
PVDF was purchased in form of pellets by Arkema Quimica. The solvents were purchased from different
providers.

In order to evaluate the electrical properties, the samples were obtained following a statistical experi-
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mental factorial planning, type 2* with three central points. The variables studied in the planning were: (1)
the concentration of aniline, with minimum value of 0.5 ml, maximum value of 2.0 ml and central value of
1.25 ml; (2) the concentration of ammonium persulfate, with minimum value of 1.0 g/20 ml, maximum value
of 3.0 g/20 ml and central value of 2.0 g/20 ml; (3) the concentration of p-toluene sulfonic acid (TSA) with
minimum value of 4.0 g/20 ml, maximum value of 8.0 g/20 ml and central value of 6.0 g/20 ml; and (4) the
time of synthesis, with minimum value of 2 hours, maximum value of 6 hours and central value of 4 hours.

To synthesize the composite it was used the following procedure: A solution of PVDF and DMF, with a
concentration of 10.0 weight %, was maintained at 70.0 °C in constant stirring until homogenization and then
was cooled until about 25.0 °C (this solution was keep constant in all the experiments). It was added, to the
cooled solution, the amount of aniline (monomer) of the respective experiment, ranging from 0.5, 1.25 and
2.0 ml In a separated container it was prepared the second solution, which contains 20.0 ml of DMF, the
amount of TSA (doping agent) and ammonium persulfate (oxidizing agent), which can range from 4.0, 6.0
and 8.0 g for TSA and 1.0, 2.0 and 3.0 g for ammonium persulfate. The second solution was slowly added to
the first solution, under constant stirring. After the end of the addition of the second solution, it was added
44.5 ml of chloroform in all the experiments. The synthesis procedure was maintained for 2.0, 4.0 and 6.0
hours. At the end of the synthesis, the solution was filtered and washed with distilled water until the filtrate
becomes colorless. This filtrate is dried in oven at 70.0 °C for 24.0 hours.

The samples obtained in all the experiments were submitted to Fourier transform infrared spectroscopy
(FT-IR) and X-Ray Diffraction (XRD) to analyze any changes in the molecular structure of the composite.
The FT-IR was obtained in an IRPrestige-21 (SHIMADZU) with wavenumber ranging between 400 — 4000
cm™. The diffractograms were obtained in a XRD-6000 (SHIMADZU), copper target, with angle (20) rang-
ing between 0 — 60°.

The electrical conductivity of all the samples was measured by the four probe method, in other words,
using four electrodes. In this method the samples are pressed in tablets. These tablets are put in contact with
four equally spaced electrical contacts, which are maintained under constant pressure over the samples. In the
outer ends are connected to a source of DC voltage (0.3V) which in turn is connected in series with a multi-
meter which measures the current between these ends. The internal ends are connected to a voltmeter that
monitors the voltage between them. So, based on calculations that involve electrical current and the measured
voltage it is possible to obtain the resistivity of the samples [19]. From each experiment it was obtained 5
tablets, which were all submitted to this test.

3. RESULTS

Table 1 shows the experimental matrix of responses for electrical conductivity for all the samples testes.

Table 1: Experimental matrix of response.

Experiment [Aniline] (ml) | [Oxidizing [TSA] Time Electrical Conduc- | Standard De-
Agent] (g/20ml) (h) tivity (S/m) viation
(g/20ml)
1 0.5 1 4 2 8.06x10™ 2.12x107
2 0.5 1 4 6 3.45x107 1.14x10*
3 0.5 1 8 2 1.78x10” 1.21x107
4 0.5 1 8 6 3.78x10™* 8.75x107
5 0.5 3 4 2 4.29x107 1.34x107
6 0.5 3 4 6 2.19x107 9.24x10°
7 0.5 3 8 2 9.88x10™* 2.74x107
8 0.5 3 8 6 8.07x10™ 2.13x107
9 2.0 1 4 2 7.49x10™ 5.66x107
10 2.0 1 4 6 5.78x10™ 3.47x107
11 2.0 1 8 2 1.10x107 6.11x10™
12 2.0 1 8 6 4.86x10° 3.47x10*
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13 2.0 3 4 2 8.87x107 1.14x10*
14 2.0 3 4 6 2.82x107 2.91x107
15 2.0 3 8 2 1.09x10" 4.38x107
16 2.0 3 8 6 4.79x10 8.22x107
17 1.25 2 6 4 6.02x107 4.20x10™
18 1.25 2 6 4 1.39x107 6.53x10™
19 1.25 2 6 4 8.91x107 2.28x10™

This matrix shows that the values of electrical conductivity range from 1.78x10™ S/m, for the experi-
ment with minor concentration of aniline and oxidizing agent and major concentration of TSA and time of
synthesis (experiment 03), to 1.09x10™ S/m, for the experiment with major concentration of aniline, oxidiz-
ing agent, TSA and time of synthesis (experiment 15).

These results are better represented in Fig. 1, in which it is also possible to verify that the values of
electrical conductivity for the experiments with minor concentration of aniline (experiment 01 to 08) remain
almost constant and with a low value. Although, for the experiments with major concentration of aniline (ex-
periment 09 to 16) there is an increase in the electrical conductivity and the values obtained are nomore con-

stant. For these samples, the higher values of electrical conductivity are obtained for the samples synthesized
with higher concentration of oxidizing agent.
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Figure 1: Electrical conductivity for the samples of the statistical experimental factorial planning.

The results obtained in Table 1 and Fig. 1 showed that the electrical conductivity of the samples

change depending on the synthesis procedure used, although it is still necessary to verify if these changes are
statistically significant.

Table 2 shows the Analysis of Variance (ANOVA) for the SS Residual model, in which it was ob-
tained a value for R? of 0.96. The statistical results showed significance for the concentration of aniline, con-
centration of oxidizing agent and concentration of TSA. The results also showed significance for the interac-
tion between (1) the concentration of aniline and oxidizing agent and for (2) the concentration of aniline and
TSA. The statistical tables presented in this paper show only the significant variables.

Table 3 shows the matrix of estimated effects, in which the concentration of aniline, concentration of
oxidizing agent and concentration of TSA had all positive effects, what indicates that, increasing the percent-
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age of any of the three components promotes an increase in the electrical conductivity. Table 3 also shows
that the interaction between (1) concentration of aniline and oxidizing agent and (2) the concentration of ani-
line and TSA presented positive effects, indicating synergism between these variables.

The statistical significance for the concentration of aniline in the increase of the electrical conductivity
of the samples can be explained by the higher amount of aniline in the solution, which provides a higher
amount of monomers and, consequently, a higher quantity of polyaniline synthesized and dispersed in the
PVDF matrix. The significance for the concentration of oxidizing agent (ammonium persulfate) occurs due to
the rate of oxidation of the chains of polyaniline, which needs to be partially oxidized to present conductive
characteristic [4]. In its turn, the concentration of TSA, which is used as the doping agent, is also significant
because the increase in its quantity also increases the doping rate of the polyaniline, which increases the elec-
trical conductivity.

Table 2: Analysis of variance (ANOVA)

SS Df MS F P
(1) [Aniline] 0.002617 1 0.002617 23.867731 0.008129
(2) [Oxidizing Agent] 0.001892 1 0.001892 17.252846 0.014218
(3) [TSA] 0.001093 1 0.001093 9.965219 0.034290
1by?2 0.002015 1 0.002015 18.378028 0.012777
1 by3 0.001164 1 0.001164 10.617638 0.031126

Table 3: Estimated effects

Effect Std.Err. | t(4) p -95% +95% Coeff.
Mean/Interc. 0.1297 | 0.00240 | 5.40009 | 0.00569 | 0.00630 | 0.01964 | 0.01297
(1) [Aniline] 0.02558 | 0.00524 | 4.88546 | 0.00813 | 0.01104 | 0.04012 | 0.01279
(2) [Oxidizing Agent] | 0.02175 | 0.00524 | 4.15365 | 0.01422 | 0.00721 | 0.03629 | 0.01087
(3) [TSA] 0.01653 | 0.00524 | 3.15677 | 0.03429 | 0.00199 | 0.03107 | 0.00826
1by2 0.02245 | 0.00524 | 4.28696 | 0.01278 | 0.00791 | 0.03698 | 0.01122
1 by 3 0.01706 | 0.00524 | 3.25847 | 0.03113 | 0.00252 | 0.03160 | 0.00853

The analysis of variance and the estimated effects also show that there is a positive interaction be-
tween the concentration of aniline and the concentration of oxidizing agent. To be conductive, the insulated
emeraldine form of polyaniline, that is a partially oxidized form of polyaniline (Y = 0.5), shown in Fig. 2,
needs to be synthesized and after doped into an emeraldine salt. So, the synergism between the concentration
of aniline and the concentration of oxidizing agent happens due to the need of a partially oxidation of the
chain of polyaniline, that will lead to the formation of insulated emeraldine form.

HO+HOHO—CO:

Figure 2: Molecular structure of polyaniline.

Similarly, there is a positive interaction between the concentration of aniline and the concentration of
TSA (the doping agent). This interaction occurs because with the increase in the amount of monomers of
aniline, there are more active sites for the interaction with the doping agent, so it is possible to incorporate a
higher quantity of TSA. The doping agent interacts with the molecular structure of polyaniline as it is shown
in Fig. 3.

OO0t

Figure 3: Interaction of doping agent (A-) with the molecular structure of polyaniline.

I
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To verify the structural changes that caused the increase in the electrical conductivity of the samples
tests, they were submitted to FT-IR and DRX analysis. Fig. 4 shows a FT-IR comparison for the samples
obtained with the same concentration of aniline (experiments 08 and 15) with the analysis of pure PANI and
pure PVDF.

In the spectrum of pure PANI, Fig. 4(a), there are characteristics signs for the N-H stretching at about
3430 cm™ and for aromatic C-H stretching at 2920 cm™. The peak at 1494 cm™ corresponds to the frequency
of the benzenoid ring stretching and the peak at 1483 to 1585 cm™ corresponds to the stretching quinoid ring
[4]. Fig. 4(b) shows the spectra for pure PVDEF, in which it is possible to verify characteristics signs with
wavenumber below 2000 cm™. The peak in the wavenumber 840 cm™ refers to the stretch of B-phase of
PVDF and the peak at 1170 cm™ refers to the stretching of the C-F bond present in the polymer chain of
PVDF [4]. In the spectrums of the samples 08 and 15 it is possible to verify the existence of characteristic
peaks referred to PANI and PVDF, as it is shown by Fig. 4(c) and Fig. 4(d), respectively.

M/\ *

®)

©

(D)
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T T T T T T T T T T T T
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Figure 4: FT-IR spectra (a)PANI, (b)PVDF, (c)Exp. 08 and (d)Exp. 15

Comparing the FT-IR spectra obtained for both experiments, it is evident that in the experiment with
higher concentration of aniline monomers (experiment 15) the peak associated to the groups N-H stretching
of the PANI molecules is more pronounced than the same peak obtained in the experiment with lower con-
centration of the PANI (Experiment 8). The increase of this peak proves that the synthesis with higher con-
centration of aniline provides higher amounts of polyaniline molecules in the compound PANI/PVDF.

The FTIR spectrum also shows the increase of the peak associated with the B-phase of PVDF in 840
cm” for the compound synthetised with higher concetration of the aniline monomer (Experiment 15). This
result shows that higher amounts of PANI molecules in the compound PANI/PVDF favors the formation of
B-phases of PVDF.

From FTIR results is possible to conclude that the increase of the amount of polyaniline molecules
and of B-phases of PVDF in the compound PANI/PVDF favors the increase of the electrical conductivity. By
Table 1, one can observe that the result of electrical conductivity is higher for the experiment 15, which has
the higher concentration of aniline.

The comparison of DRX analysis for the samples 08 and 15 with pure PANI and pure PVDF are
shown in Fig. 5. The characteristic diffraction peaks for PVDF in B-phase occur in 26 equal 19.9 and 18.3°.
For PANI the characteristics peaks are present in 26 equal 28.8, 25.2, 18.8 e 15.2° [13]. Figure 05 shows that
there is an increase in the intensity of diffraction peaks characteristics of PANI for the experiment 15, which
is present in higher amount when compared with experiment 08, demonstrating higher crystallinity and, con-



DUARTE, G.W.; NASPOLINI, A.M.; TACHINSKI, C.G.; CONSENSO, E.C.; MELLO, .M.M.; SILVA, L.L.; FIORI, M.A. revista
Matéria, v.22,n.3, 2017.

sequently, higher electrical conductivity.
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Figure 5: Diffractograms of Exp.08, Exp.15, PANI and PVDF

To evaluate the effect of the oxidizing agent in the electrical conductivity of the composites a compar-
ison between experiment 12 and 15 were conducted, in which the only significant variable that ranges is the
concentration of oxidizing agent. When the concentration of oxidizing agent is higher, a higher quantity of
polyaniline chains are formed in the solution, and thus, the electrical conductivity tends to increase. Similar
results were found by Ruckenstein [20-22], but in this case, in composites of PANI with PMMA, PS and PC.

The FT-IR of Fig. 6 shows the complete FT-IR of experiment 12 and 15 in comparison with pure
PANI and pure PVDF. The peak in the wavenumber 817 cm™ corresponds to the C-H bond of PANI, and the
peak in 880 cm™ is related to the B-phase of PVDF [14]. In the experiment 12, which has higher amount of
oxidizing agent in comparison to experiment 15, the peak related to PANI is more evident.
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Figure 6: FT-IR spectra (a) PANI, (b) PVDF, (c) Exp. 12 and (d) Exp. 15
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This demonstrated that for the experiment 12 there is low production of PANI, due to the lower con-
centration of oxidizing agent used, and, consequently, the electrical conductivity of sample 12 is lower than
of sample 15. In about 1406 cm™ is the peak related to PVDF, which appears more evident for the experi-
ment 12 than for the experiment 15. This proves that in the experiment 15 the ratio PANI/PVDF is higher
(lower quantity of PVDF formed).

Fig. 7 shows the DRX of the samples produced in the experiments 12 e 15 in comparison with pure
PANI and pure PVDF. As the sample of experiment 12 has a lower amount of oxidizing agent, that are fewer
molecules of initiator to start the polymerization of PANI so, that are a lower quantity of PANI formed in the
solution.
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Figure 7: Diffractograms of Exp.12, Exp.15, PANI and PVDF

The role of the acid in the polymerization is doping the polymer to that it becomes conductor. Low
acid concentration do not provide the sufficient doping to that the polymer become conductor and high acid
concentration results in the degradation of the polymer chains, and consequently loss of conductivity. The
statistical experimental factorial planning showed that the increase in the concentration of acid increases the
electrical conductivity, but only between the concentrations studied in this planning.

The effect of TSA in the electrical conductivity of the composites was studied taking into account the
experiments 06 and 08, in which the only significant variable that ranges is the concentration of TSA, which
is used as doping agent. In low concentration of doping agent, the PANI formed is not totally doped, which
influence in the electrical conductivity of the composite.

The spectrum showed in Fig. 8 shows the comparison of experiment 06 and 08 with pure PANI and
pure PVDF. The first square of Fig. 8 shows the complete spectrum of all the samples. The second square
shows the characteristic peaks of doped-PANI, in the wavenumber 1160 cm™ relative to the N=Q bond, and
the characteristic peaks of PVDF, in the wavenumber 1170 cm™ related to the C-F bond. In the FT-IR of ex-
periment 08 the peaks related to PANI are more evident than in the sample 06, probably due to the higher
concentration of doping agent. The peak in 1406 cm™ is characteristic of PVDF and is more detached in
sample 06 than in sample 08 to the same amount of PANI. This probably occurs due to the lower amount of
doped-PANI present in sample 06, which decreases the electrical conductivity.
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Figure 8: FT-IR spectra (a) PANI, (b) PVDF, (c) Exp. 06 e (d) Exp. 08

By the study of crystallinity of both samples (06 and 08), showed in Fig. 9, for a lower concentration
of acid (04 g) more crystalline phases are present. Although, the sample with the higher concentration of acid
presented the higher conductivity. This can be explained by the effective doping process, in which the higher
concentration used was efficient in doping PANI. And, as the quantity of PANI formed is equal in both ex-
periments, one can conclude that, increasing the doping rate of PANI decreases the crystallinity degree. It is
also possible to conclude that the crystallinity degree and the doping process compete in the electrical con-
ductivity of samples.
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Figure 9: Diffractograms of Exp.08, Exp.06, PANI e PVDF
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The statistical experimental factorial planning showed that there is a positive interaction between (1)
the concentration of aniline and the concentration of oxidizing agent, and (2) the concentration of aniline and
the concentration of TSA. The first interaction occur due to that an increase in the concentration of aniline
and oxidizing agent provides more chains of polyaniline with morphological form of emeraldine, that is the
partially oxidized of the conductive form of polyaniline.

The second interaction occurs due to the percentage of doping agent, that provides an efficient doping
of polyaniline, and so, an increase in the electrical conductivity.

4. CONCLUSOES

This work studied the influence of synthesis parameters in the electrical conductivity of the composite
PANI/PVDF. By the statistical experimental factorial planning used it was possible to conclude that, the con-
ductivity of the composite depends on the concentration of aniline, concentration of oxidizing agent (ammo-
nium persulfate) and the concentration of doping agent (TSA). There is also two synergistic interactions: (1)
concentration of aniline and concentration of oxidizing agent and (2) the concentration of aniline and the
concentration of doping agent.

So, as expected, the experiment that provided the best results of electrical conductivity was the exper-
iment 15, in which was used the higher amount of aniline, oxidizing and doping agents.
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