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ABSTRACT

Conducting polypyrrole (PPy) nanoparticles were synthesized by chemical oxidative polymerization
of pyrrole in aqueous solution containing ferric sulfate (Fe,(SO,);), anionic surfactants (sodium
dodecylbenzene-sulfonate (NaDBS) or sodium dodecyl sulfate (SDS)), 1-pentanol as the oxidant, dopant
and co-emulsifier, respectively. The polymerization was carried out at 0 °C and 25 °C. Fourier transform
infrared spectroscopy (FTIR) and elemental analysis indicated that anionic surfactants were successfully
incorporated into the PPy backbone. Incorporation of anionic surfactants caused enhanced electrical
conductivity, increased yield, decreased the size of particles as well as improved the thermal stability
of the resultant PPy. The presence of anionic surfactant seems to inhibit undesirable side reactions so
as to improve the regularity of the PPy backbone. Globular PPy particles were obtained with diameter
ranged from 40 to 118 nm as revealed by field emission scanning electron microscopy (FE-SEM) and
conductivity of 7.89x10%#-2.35x102S cm’', as measured using impedance analyzer. It was found that
polymerization at low temperature (0 °C) produced PPy particles with smaller size and higher conductivity.
The sodium dodecyl sulfate-doped PPy (SDS-doped PPy) exhibited higher conductivity than that of the
sodium dodecylbenzenesulfonate-doped PPy (NaDBS-doped PPy), due to the bulkiness of NaDBS as
compared to SDS.
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al., 2003), sensors (Ramanavicius et al., 2006), and solid electrolytes for capacitors (Yamamoto
et al., 1999). Among these conducting polymers, polypyrole (PPy) attracted special attention
because of their outstanding characteristics, for instance good electrical conductivity, ease of
synthesis, environmental stability, and non-toxicity (Wang et al., 2001). PPy can be easily
prepared by either electrochemical method to produce PPy films (Pringle et al., 2004) or
chemical method to yield PPy powders (Abraham ez al., 2001). The chemical method is suitable
for commercial mass production and may produce processable PPy since this method allows
a greater degree of control over the molecular weight and structural feature of the resulting
polymer as compared to the electrochemical method (Lee et al., 1995; Lee et al., 1997).

Recently, the synthesis of nanostructured conducting materials has become an important
branch of material research. These materials are expected to possess unique chemical and
physical properties due to their finite small size and accordingly to offer a wide range
of applications in a variety of fields including chemistry, physics, biomedical sciences,
microelectronics and material science (Feng et al., 2000).

Emulsion polymerization allows the formation of polymer particles with diameter
ranges from 10 nm to 100 nm. Usually, a number of emulsifiers, such as ionic surfactant
(e.g., sodium dodecyl-benzene sulfonate (NaDBS)) together with short-chain alcohols are
used in the reaction medium (Antony & Jayakannan 2009; Liu et al., 2006). It has been
reported that PPy nanoparticles obtained from emulsion polymerization were in the range
of about 50 to 100 nm and 100 to 200 nm with the change in the concentration of surfactant
(dodecyltrimethyl ammonium bromide (DTAB)) from 0.8 to 0.44 M (Wang et al., 2005),
respectively. Conducting PPy nanoparticles with diameter of 30-50 nm could also be prepared
via emulsion polymerization with FeCl; as the oxidant (Yan et al., 2000). It was found that,
the emulsion polymerization produced higher yield of the resultant PPy as compared to the
solution polymerization. PPy nanoparticles have been synthesized in the presence of different
dopants including hydrochloric acid (HCI), p-toluene sulfonic acid (TSA), camphor sulfonic
acid (CSA), and polystyrene sulfonic acid (PSSA). These doped PPy nanoparticles exhibited
electrical conductivity in the range of 20x10#- 6x10S cm™ (Goel et al., 2010).

Conductivity and environmental stability of doped PPy at room temperature were reported
by (Kudoh 1996). Omastova” et al. (2003) reported the synthesis of PPy using Fe,(SO,); as
the oxidant with different surfactants at 25 °C. The effect of type of surfactant on stability,
conductivity and morphology was studied. They suggested that the presence of anionic
surfactant in polymerization mixture strongly influenced the morphology of chemically prepared
PPy. However, to the best of our knowledge, the study on the synthesis of PPy nanoparticles
with Fe,(SO,); and anionic surfactants (NaDBS, SDS) at 0 °C and 25 °C has seldom been
reported.

Thus the purpose of this study is to examine the effect of polymerization temperature and
type of doping agent (NaDBS and SDS) on the morphology, electrical conductivity and thermal
stability of the PPy nanoparticles synthesized by chemical oxidation.
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MATERIALS AND METHODS

Materials

Pyrrole of 97% purity (Aldrich) was purified by leaching through a column of activated
basic alumina and then stored at 4 °C prior to use. The oxidant, ferric sulfate (Fe,(SO,);), was
purchased from Riedel-De Haen Ag Seelze-Hannover. 1-Pentanol was obtained from BDH
chemicals Ltd., Poole, England. Sodium dodecyl sulfate (SDS) and aluminum oxide were
purchased from Merck while sodium dodecyl benzene sulphonate (NaDBS) was obtained from
Aldrich. All chemicals were used as received. Deionized water was used in all experiments.

Preparation of PPy Nanoparticles

The typical experiment is described as follows. SDS (8.7 g) or NaDBS (10.5 g) was dissolved
in deionized water (300 mL) and stirred vigorously at 0 °C or 25 °C. A mixture of pyrrole
(2 mL) and 1-pentanol (4 mL) was added to this solution. After 1 h, a ferric sulfate aqueous
solution (11.6 g of Fe,(SO,); in 50 mL of deionized water) was introduced dropwise over a
period of 2 h to the above solution. The reaction was allowed to proceed for 3 h. An excessive
amount of methanol was then added to the mixture. The resultant precipitate of the doped
PPy nanoparticles was filtered and washed several times with deionized water, methanol and
acetone, successively. Finally, the product was dried for 7 h under vacuum at 60-70 °C. For
comparison purposes, PPy (undoped PPy) was also synthesized under similar conditions, but
without using surfactant.

Characterization

The FTIR spectra of PPy nanoparticles were obtained via KBr pellets on a Perkin Elmer FT-IR
system Spectrum GX. The spectra were recorded over the wavenumber range of 6004000 cm™.
The PPy contents were determined through elemental analysis using a CHNS Thermo Finnigan
Eager 300 for EA 1112 elemental analyzer. The specimens used for conductivity measurement
were in pellet form with diameter and thickness of 13 mm and 1.5 mm, respectively. The
PPy samples were compressed using a load of 5 ton for 5 minutes. The obtained samples
were analyzed by using a frequency response analyzer (Solatron Schlumberger 1260 HF).
The impedance spectra were recorded over the frequency range of 1 Hz-10 MHz at room
temperature.

Field emission scanning electron microscopy (FE-SEM) images were recorded with a
SUPRA 55VP microscope (Zeiss, Germany). Thermal stability study was carried out using
the thermogravimetry analyzer TGA/SDTAS851.

RESULTS AND DISCUSSION

FTIR Spectroscopy

The FTIR spectra of various samples of PPy particles synthesized in this work are presented
in Fig.1. The vibrational frequencies of the major infrared peaks and their assignment are
summarized in Table 1. All the spectra displayed few strong bands in the 1600-600 cm™' region
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which are common characteristics of PPy (Chen & Xue 2010; Li et al., 2007; Omastova et al.,
2003). The FTIR spectra of doped PPy nanoparticles in general showed spectral characteristics
similar to those of undoped PPy, indicating that the doped PPy nanoparticles have similar chain
structures to undoped counterpart.

The peak at 1698 cm! observed in the spectrum of undoped PPy (Fig.1a) can be attributed to
the presence of the carbonyl group formed by nucleophilic attack of water during the preparation
process (Liu et al., 2009; Thiéblemont et al., 1994; Zhong et al., 2006). The peak at 1551 cm
!, which corresponds to the C-C/C=C stretching vibrations in the pyrrole ring, was observed
in the spectrum of undoped PPy. This corresponding peak, however, was red-shifted to lower
wavenumbers; 1541, 1544, and 1545 cm’!, in the spectra of the doped PPy nanoparticles (Fig.1b,
Fig.1c, Fig.1d, and Fig.1e). It is known that the skeletal vibrations, involving the delocalized
n-electrons, are affected by doping the polymer (Omastova et al., 2004). The observed shift
may be caused by the ionic interaction of anionic surfactant with polypyrrole. Likewise, the
peak at 1475 cm! that is due to the C—N stretching vibration of undoped PPy was red-shifted
to 1456 and 1459 cm™ in the spectra of the doped PPy nanoparticles. On the other hand, the
peak of the C—H or C-N in—plane deformation observed at around 1291 cm™ in the spectrum of
undoped PPy was blue-shifted to 1301, 1302, 1303, and 1307 cm™ in the spectra of the doped
PPy nanoparticles. Moreover, the breathing vibration of the pyrrole ring, located at 1192 cm™!
in the spectrum of undoped PPy, was shifted to 1167, 1167, 1170, and 1173 cm™' in the spectra
of'the doped PPy nanoparticles. Furthermore, the expected peak of the S=O stretching vibration
of SO; at 1183 cm! (Dutta & De 2003; Varela et al., 2003) could not be clearly observed due
to overlapping with the pyrrole ring vibration at 1192 cm’'.
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Fig.1: The FTIR spectra of (a) undoped PPy synthesized at 25°C; SDS-doped PPy synthesized (b) at
0°C (c) at 25 °C; and NaDBS-doped PPy synthesized (d) at 0 °C (e) at 25°C
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The peak at 1091 cm! corresponds to the mode of in-plane deformation vibration of the

N*H, which was formed in doped PPy nanoparticles chains by protonation (Omastova et al.,
2003). This particular peak was not observed in the spectrum of undoped PPy. The band of
C-H and N-H in-plane deformation vibration which is usually located at 1044 cm™' (Antony
& Jayakannan 2009) in the spectrum of undoped PPy was observed at 1036, 1037, 1038, and
1040 cm™! in the spectra of the doped PPy nanoparticles. The band observed at 964 cm™ can
be ascribed to the C-C out-of-plane ring deformation vibration and was located at the same
wavenumber in the spectra of all samples. The band of C—H out-of-plane ring deformation
observed at 793 cm! in the spectrum of undoped PPy was shifted to 784, 786, and 787 cm™ in

TABLE 1
Major FTIR peaks and their assignments for undoped PPy and doped PPy nanoparticles

-1
Wavenumbers (cm )

SDS- SDS- NaDBS- NaDBS-
Peak assignments PPy-SO, doped PPy doped PPy doped PPy doped PPy
at0°C at 25 °C at0°C at 25°C
1. The C-C/C=C stretching 1551 1541 1544 1544 1545
vibrations in pyrrole ring
2. The C-N stretching 1475 1456 1459 1459 1459
vibration in the ring
3. The peak of C-H or C-N 1291 1303 1307 1301 1302
in—plane deformation
4. The breathing vibration of 1192 1170 1173 1167 1168
the pyrrole ring
5. The mode of in-plane - 1089 1090 1089 1089
deformation vibration of
the N*H,
6. The band of C—H and 1044 1038 1040 1036 1037
N-H in-plane deformation
vibration
7. The characteristic C-C out 964 964 964 964 964
of plane ring deformation
vibration
8. The band of C-H out of 793 787 784 786 786
plane ring deformation
9. The peak of C-C out-of 681 670 670 670 670
plane ring deformation or
C-H rocking
10. The carbonyl group 1698 - - - -
11. Methylene in PPy - 2917 2917 - -
prepared from SDS
12. Methylene in PPy - - - 2851 2851
prepared from NaDBS
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the spectra of the doped PPy nanoparticles. On the other hand, the peak of C-C out-of plane
ring deformation or C—H rocking usually situated at 681 cm™ (Omastova et al., 1996) was
shifted to around 670 cm™.

Morphology study

Fig.2 presents the FE-SEM micrographs of PPy nanoparticles prepared in this study. The FE-
SEM micrograph of undoped PPy revealed the presence of globular structure with diameter
of about 450-500 nm (Fig.2a).

The synthesis of PPy in the presence of NaDBS or SDS at 25 °C produced nanoparticles of
almost spherical shape with diameter ranged from 73 to 118 nm (Fig.2b and Fig.2d). This means
that the addition of anionic surfactant to the polymerization mixture tremendously reduced the
size of PPy nanoparticles. This finding is in good agreement with the previous reports (Antony
& Jayakannan 2007, 2009; Jang 2006; Kwon et al., 2008; Yang ef al., 2012). Fig.2b showed
that the size of NaDBS-doped PPy nanoparticles prepared at 25 °C was in the range of 73-107
nm while the size of the SDS-doped PPy nanoparticles ranged from 80 to 118 nm (Fig.2d).

On the other hand, the doped PPy synthesized at 0 °C produced smaller nanoparticles
(Fig.2c and Fig.2e) than those synthesized at 25 °C (Fig.2b and Fig.2d). The NaDBS-doped
PPy particles prepared at 0 °C were in the range of 40-68 nm (Fig.2¢) whereas the SDS-doped
PPy ones were in the range of 47-83 nm (Fig.2e). These variations can be ascribed to the effect
of temperature on the micelles, which consist of anionic surfactant and pyrrole monomer
(Antony & Jayakannan 2009; Jang 2006; Kwon et al., 2008; Yang et al., 2012; Zhong et al.,
2006). At low temperature, mobility of the anionic surfactant is limited, leading to a decrease
in the inner volume of micelles that encapsulate the monomer and the oxidant. Consequently,
the reduced micelle volume results in reduced particle size (Wang et al., 2005).

Elemental analysis

Table 2 shows the elemental composition, doping level, and mass recovery of all PPy samples
prepared in this work. The high sulfur content in samples of doped PPy nanoparticles indicated
the successful incorporation of anionic surfactants into the PPy backbone. This observation
is in agreement with the previous works reported by other researchers, (Kudoh 1996; Lee et
al., 2000).

As shown in Table 2, the doping level of the doped PPy nanoparticles, which were
calculated based on the elemental analysis results, was in the range of 21.8%—-24.0%. These
results indicate that, on the average, the doping level was about one dopant per five pyrrole units
for both the NaDBS-doped PPy and the SDS-doped PPy nanoparticles synthesized at 0 °C and
at 25 °C. These results also indicate that the synthesis of PPy with the presence of surfactant
resulted in better mass recovery as compared to the one without surfactant. Likewise, the doped
PPy nanoparticles prepared at 0 °C showed higher mass recoveries than those prepared at 25
°C. This is probably due to the fact that the growing sites of the polymer with free radicals are
stabilized at low temperature (Lee ef al., 1997). Thus, at low temperature the propagation rate
is greater than the initiation rate and consequently a higher mass recovery was obtained. On the
other hand, at high temperature, the decomposition rate of the oxidant is high and may induce
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Fig.2: FE-SEM images of (a) undoped PPy synthesized at 25°C; NaDBS-doped PPy synthesized (b) at
25°C (c) at 0°C; and SDS-doped PPy synthesized (d) at 25°C (e) at 0 °C (50,000 X)
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high rate of chain termination of radical cations and conformation defects with branching or
crosslinking of molecules (Lascelles et al., 1998; Lee et al., 1997), and ultimately, a low mass
recovery will be obtained.

The NaDBS-doped PPy nanoparticles exhibited higher mass recovery than the SDS-doped
PPy ones due to NaDBS being a bulky dopant as compared with the SDS. It has been commonly
observed that the mass recovery increases with the bulkiness of the dopant (Abraham et al.,
2001; Akinyeye et al., 2006; Song et al., 2004).

TABLE 2
The elemental composition, doping level and mass recovery of undoped PPy and doped PPy
nanoparticles

Reaction Doping Mass
Polymers temperature Oxidant N C H S S/N  Level Recovery

“C) (%, £1) (%)
Undoped PPy 25 Fe)(SO,); 13.34 4595 289 141 0.11 0438 21.20
NaDBS-doped PPy 0 Fe)(SO,); 1027 5499 6.54 5.68 055 24.0 45.71
NaDBS-doped PPy 25 Fe)(SO,); 1029 54.02 6.14 531 052 228 36.84
SDS-doped PPy 0 Fe,(SO,); 10.10 5837 6.46 559 051 222 36.88
SDS-doped PPy 25 Fe)(SO,); 11.06 5858 649 551 050 21.8 26.82

Thermogravimetric analyses

The TGA and DTG thermograms of undoped PPy and the doped PPy nanoparticles are presented
in Fig.3 and Fig.4. The initial degradation temperatures, the maximum degradation temperature
and the residual weights at 600°C are listed in Table 3. The undoped PPy and the doped PPy
nanoparticles have some adsorbed moisture, which is released around 100°C. The undoped PPy
started to lose its weight at a relatively low temperature (148 °C) and the maximum degradation
occurred at around 266 °C, while the residue at 600 °C was 61%.

The thermal stability of doped PPy nanoparticles is dependent on the type of surfactant,
the SDS-doped PPy nanoparticles started to degrade at 165 and 166 °C, whereas the NaDBS-
doped PPy samples started to degrade at 230 °C. The maximum degradation of the SDS-doped
PPy nanoparticles was observed at 275.6 °C and at 276.03 °C (Curves b and ¢ in Fig.3 and
Fig.4) whereas that of the NaDBS-doped PPy nanoparticles occurred at around 357 °C and
367 °C (Curves e and f in Fig.3 and Fig.4). These differences can be attributed to the lower
degradation temperature of pure SDS (180-300 °C) as compared to pure NaDBS (400-500 °C)
as illustrated by the curves a and g, respectively, in Fig.3 and Fig.4. This argument supports the
inference drawn from our own results of elemental analysis and FTIR spectroscopy in which
the anionic surfactant is incorporated as counterion into the PPy backbone (Dutta & De 2003).

The curves of NaDBS-doped PPy prepared at both 0 °C and at 25 °C indicated that the
two samples exhibit a similar trend of weight loss. However, the NaDBS-doped PPy prepared
at 0 °C seemed to be slightly more thermally stable than the NaDBS-doped PPy prepared
at 25 °C. In addition, the SDS-doped PPy prepared at 0 °C showed a slightly better thermal
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stability as compared to the SDS-doped PPy prepared at 25 °C. In all doped PPy samples, the
residues at 600 °C of doped PPy ranged from 51% to 58 %, thus indicating that the doped PPy
nanoparticles do not completely degrade in nitrogen and that they can probably be carbonized
to form graphitic forms (Yang et al., 2010).

TABLE 3

Thermogravimetric data of undoped PPy and doped PPy nanoparticles

. .\ . Maximum .

Sample Reaction Initial degradation Degradation Residue at

temperature (°C) temperature (°C) 600 °C (%)

temperature (°C)

Undoped PPy 25 148 266.16 61
NaDBS-doped PPy 0 230 367.20 53
NaDBS-doped PPy 25 230 357.01 51
SDS-doped PPy 0 166 276.03 58
SDS-doped PPy 25 165 275.63 51

% weight loss

20

30 130

230 330 430 530

Temperature (°C)

630

Fig.3: The TGA thermograms of (a) Neat SDS; SDS-doped PPy synthesized (b) at 25 °C (c) at 0 °C;
(d) undoped PPy synthesized at 25°C; NaDBS-doped PPy synthesized (e) at 25°C (f) at 0°C; and

(g) Neat NaDBS
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Fig.4: DTG thermograms of (a) Neat SDS, SDS-doped PPy synthesized (b) at 25 °C (c) at 0 °C (d)
undoped PPy synthesized at 25 °C, NaDBS-doped PPy synthesized (¢) at 25 °C (f) at 0 °C and (g) Neat

NaDBS

Pertanika J. Sci. & Technol. 21 (2): 459 - 472 (2013)

467



Ghalib, H., Abdullah, 1. and Daik, R.

Electrical conductivity

The electrical conductivity of the PPy sample synthesized at 25 °C without the presence of
surfactant (undoped PPy) was 1.80x10-°S cm' (Table 4), whereas the PPy sample synthesized in
the presence of NaDBS or SDS at the same temperature showed higher electrical conductivity
(7.89x10*-2.80x107S cm™).

In a typical polymerization, pyrrole rings are coupled through the o—o positions which
create the main polymer chain. However, the a-p coupling also takes place, hence results in
cross-linked PPy. In addition, some carbonyl and hydroxyl groups may also be present as a result
of oxidation, especially in aqueous medium (Jang et al., 2004). All these factors shorten the
conjugation length of the PPy chain and reduce the mobility of the charge carriers, eventually
the electrical conductivity. On the other hand, it has been reported that the presence of surfactant
inhibited the formation of some carbonyl and hydroxyl groups or cross-linked PPy and thus
the formation of relatively longer conjugation length with more regularity is possible. This will
lead to a better mobility of charge carriers and subsequently increase the electrical conductivity
(Omastova et al., 2004). This argument is further supported by the FTIR results since carbonyl
peak was observed in the spectrum of the undoped PPy at 1698 cm™ (Fig.1a), whereas no similar
peak in the spectrum of the doped PPy nanoparticles was observed. Furthermore, the main
peaks of the undoped PPy (Fig.1a) were red-shifted to lower wavenumbers in the spectra of
the doped PPy nanoparticles (Fig.1b, Fig.1c, Fig.1d and Fig.le), consequently demonstrating
the high electrical conductivity of these samples. This finding bears resemblance of the results
reported earlier by Kwon et al. (2008) who reported that nanoparticles with high conductivity
showed a red shift while those with low conductivity showed a blue one. The red shift of the
main peaks indicated to the well conjugation and few contortion of PPy nanoparticles chains
(Fang et al., 2003), which facilitate the mobility of the charge carriers and hence, increase the
electrical conductivity.

The SDS-doped PPy nanoparticles showed the highest electrical conductivities (2.80x10--
2.35%102S cm™), while the NaDBS-doped PPy nanoparticles exhibited the lowest conductivities
(7.89x10* to 1.34x10 S cm™). It is known that the electrical conductivity of conducting
polymers is due to transport of charge carriers along the polymer chain as well as the transport
of charge carriers from one chain to others (Liu & Wan 2001). The presence of bulky anion like
NaDBS perturbs the arrangement of PPy chains, which results in increase in the intermolecular
distance and hence, causes a partial restraint in the interchain hopping transport of charge
carriers, which accordingly reduces the electrical conductivity (Kudoh et al., 1998).

The doped PPy nanoparticles prepared at 0 °C produced a polymer with higher electrical
conductivity than those prepared at 25 °C. This can be attributed to the regularity of the PPy
backbone being improved because side reactions were inhibited. Besides, bonding between
the o positions in the Py units during the polymerization at 0 °C profoundly elevates the
conjugation and subsequently the conductivity (Lascelles et al., 1998). This explanation is
additionally supported by the increased doping level (Table 2), uniform and small particles
sizes (4083 nm), and the highest electrical conductivity (1.34x107-2.35x10 S cm™) attained
at this temperature (Fig.2c and Fig.2e).
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TABLE 4
The electrical conductivity of the undoped PPy and various doped PPy nanoparticles

Polymer Reaction temperature (°C) Electrical Conductivity(S cm™)

Undoped PPy 25 1.80x10°

NaDBS-doped PPy 0 1.34x107

NaDBS-doped PPy 25 7.89x10*

SDS-doped PPy 0 2.35x10

SDS-doped PPy 25 2.80x10°
CONCLUSION

Conducting doped PPy nanoparticles were chemically synthesized using NaDBS and SDS
as dopants, 1-pentanol as a co-emulsifier, and Fe,(SO,); as an oxidant at 0 °C and 25 °C. The
presence of NaDBS or SDS in the polymerization mixture affected the properties of the
chemically-prepared, doped PPy nanoparticles (enhanced electrical conductivity, increased
yield, decreased the size of particles as well as improved the thermal stability of the resultant
PPy) due to bonding of the anionic part of the surfactant molecules with the PPy chains. The
results of elemental analysis and FTIR spectroscopy demonstrated that, the surfactant was
incorporated into the PPy structure. This result is supported by the TGA and DTG results. The
mass recovery of the doped PPy nanoparticles ranged from 26.82% to 45.71% whereas the
doping levels, which were calculated based on the elemental analysis data, were in the range
21.84%—-24.02%. Globular PPy nanoparticles with diameters of 40—118 nm and conductivities
in the range of 7.89x10%-2.35x102S cm™ were produced. The doped PPy nanoparticles
prepared at 0 °C produced a polymer with higher electrical conductivity than that prepared at 25
°C. While the SDS-doped PPy nanoparticle samples showed the highest electrical conductivity
(2.80x103-2.35x102 S cm™), the NaDBS-doped PPy nanoparticle samples exhibited the
lowest conductivities; 7.89x10* to 1.34x10 S c¢cm™. This is due to the bulkiness of NaDBS
as compared to SDS.
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