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Copolymerizations of pyrrole (Py) with N-pentylpyrrole (NPPy) and N-dodecyl-
pyrrole (NDPy) were carried out by chemical and electrochemical oxidation
methods. Nanoparticles made of conjugate copolymers with different feed ratios

of monomers were prepared by chemical polymerization (conventional and interfacial
methods) in presence of iron (III) chloride hexahydrate (FeCl3.6H2O) as the oxidant.
Nanostructure copolymers with higher conductivity were synthesized by simply tuning
the preparation conditions in a two-phase medium (toluene-water as solvents). The N-
pentylpyrrole and N-dodecylpyrrole monomers were synthesized with higher purity
from pyrrole. Fourier transform infrared spectroscopy, scanning electron microscopy
and four probe conductivity measurement techniques were applied for the characteri-
zation of the copolymers. The conductivity of the copolymers obtained by interfacial
method using toluene as an organic phase was 5-6 times higher than the copolymer
obtained by a conventional method (for molar ratio of Py:NPPy, 30:70). In electrochem-
ical method, copolymer thin films were synthesized with different feed ratios of
monomers by cyclic voltammetry in lithium perchlorate-acetonitrile (LiClO4/CH3CN)
electrolyte on the surface of the glassy carbon (GC) as the working electrode.
Deposition conditions on the GC, influence of the molar ratio of monomers on the 
electroactivity and formation of copolymers were studied using cyclic voltammetry.

INTRODUCTION

Among the electronically conduct-
ing copolymers, polypyrrole (PPy)
and its derivatives have attracted
considerable attention because of
their stability and potential use in
sensors, batteries, capacitors,
supercapacitors, etc. [1-3]. In spite
of the tremendous amount of work
on these systems, there are still
considerable differences between
the results reported in the literature.
It is well-known that the properties
of polypyrrole and other conduct-

ing polymer films are strongly
influenced by the method of prepa-
ration, counter ions and conditions
used during synthesis [4-6].
Polypyrrole is one of the most
extensively studied conducting
polymers due to the ease of synthe-
sis, good redox properties, stability
in the oxidized form, ability to give
high electrical conductivity and
useful electrical and optical proper-
ties [7,8]. Poly-N-alkylpyrrole has
attracted attention as a possible
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alternative to polypyrrole for technological applica-
tions in spite of its lower conductivity [9].
Polypyrrole (PPy) has good electrical properties,
however, poly-N-alkylpyrroles exhibit poor environ-
mental stability, while PPy suffers from brittleness,
low elongation and poor processability. According to
literature report [10], in order to overcome these
problems, blending with some commercially avail-
able polymers in preparation methods of composites
and copolymers may offer better mechanical and/or
chemical properties. Diaz et al. have studied the 
electrochemical behaviour of substituted pyrrole with
different functional groups and substituent size in the
early 1980s [11,12]. Since then a variety of novel 
N-substituted pyrroles have been synthesized and
electropolymerized by varying the electrochemical
conditions, electrolyte and nature of the electrode 
surface [13-15]. Several research groups have
focused on copolymerization of pyrrole and N-
substituted pyrrole by chemical oxidation [16-18].
Yet, only a few studies have been reported on the
copolymerization of N-substituted pyrroles by 
electrochemical or chemical oxidation. Chen-Yang et
al. [19] copolymerized pyrrole with N-hydroxyalkyl
pyrroles and characterized the resulting copolymers,
which were electrodeposited on stainless steel. These
films showed low electroactivity in comparison with
pure polypyrrole film. Recently, nanomaterials
including metallic, inorganic and polymeric material
have attracted increasing attention from a wide area
of scientific interest. Scientists also have been
focused on the preparation of homo- and copolymer
PPy nanoparticles, because they have the following
advantages: first, PPy nanoparticles have some 
special electrical and opto-electrical properties due to
smaller size, different from the bulk polymer; 
secondly, with the decreases in copolymer particle
size, co-PPy dispersion medium becomes more stable
and uniform, which is helpful to produce uniform,
conducting polymer thin film, and thus overcome the
problem of processability; thirdly, the decrease in
particle size can promote more effective doping,
strengthen inter- or intrachain interaction and
enhance the degree of crystallinity. Interfacial method
can lead to new chemical reaction and improve the
reaction rate and it thus opens up a new chemistry,
i.e., can break the aggregation and reduce the particle

size due to its dispersion, crushing and thus have a
better control on the morphology of particle, 
especially on the hard solid particle such as PPy [20].
In this article, first, we report the syntheses of NPPy
and NDPy monomers from pyrrole. Secondly,
copolymerizations of pyrrole with NPPy and NDPy
via the conventional and interfacial chemical 
oxidative methods with various monomer ratios are
reported. Then, the morphological development of
obtained copolymers is investigated by FTIR 
spectroscopy and conductivity studies. Also, herein
electrocopolymerizations of pyrrole with NPPy and
NDPy with various monomer ratios are reported by
cyclic voltammetry. The obtained copolymers are
characterized by a variety of electrochemical and
spectroscopy techniques. We synthesized N-
pentylpyrrole, N-dodecylpyrrole and copolymeriza-
tion with pyrrole by chemical and electrochemical
oxidation.

EXPERIMENTAL

Materials 
Pyrrole (Merck, Germany) was distilled under
reduced pressure and was kept in 0°C before use,
pentyl bromide, dodecyl bromide and DMSO (Fluka,
Germany) were dried and distilled before use.
Toluene, hexane, dichloromethane and diethyl ether
(Merck, Germany), FeCl3.6H2O (Aldrich, Germany),
potassium hydroxide (Merck, Germany) and LiClO4
(Fluka, Germany), CH3CN (Merck, Germany) were
used as received without further treatment.

Synthesis of NPPy and NDPy Monomers
NPPy and NDPy monomers were synthesized from
pyrrole. A typical preparation process is as follows:
pyrrole freshly distilled (20.5 g, 0.31 mol) in DMSO
(50 mL) was added dropwise to a stirred slurry of 
powdered potassium hydroxide (40 g, 1 mol) in
dimethyl sulphoxide (DMSO, 120 mL) under argon.
The resulting green reaction mixture was stirred for
another 30 min at room temperature, and 1-bromo-
dodecane (73 mL, 0.35 mol) was added dropwise.
The resulting yellow reaction mixture was stirred
overnight at room temperature under argon and then
poured into water (2L) and extracted with n-hexane,
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dichloromethane and diethyl ether. The combined
organic layers were washed thoroughly with water,
dried over MgSO4, and evaporated to give a yellow
viscous liquid. The crude product was distilled under
reduced pressure to afford colourless N-dodecyl-
pyrrole (43 g, 60%); bp 107-108°C (0.025 mbar). 1H
NMR (δ, CDCl3): 6.62 (2H, Py-H2,5), 6.12 (2H, Py-
H3,4) 3.83 (2H, N-CH2-), 1.73 (2H, N-CH2-CH2-),
1.27 (18H, -(CH2)9-), and 0.88 (3H, -CH3) [21].

Preparation of Copolymers NPPy and NDPy by
Chemical Oxidation
Conventional Method (Method 1)
Poly(Py-co-NPPy) and poly(Py-co-NDPy) were 
synthesized by conventional chemical oxidative poly-
merization process, and molar ratios of Py:NAPy
were selected to be 100:0, 70:30, 50:50, 30:70, 20:80,
10:90 and 0:100. A typical preparation process 
adopted was as follows: 

An amount of 0.01 mol monomer(s) was added to
100 mL aqueous solution of FeCl3.6H2O (0.03 mol)
under vigorous stirring. The mixture was stirred at
room temperature for 48 h. The precipitated black
polymer was filtered and washed with distillated
water and methanol until the filtrate became colour-
less and then dried in a vacuum drying cabinet at
60°C for 24 h.

Nanostructure Synthesis (Method 2)
Poly(Py-co-NPPy) and poly(Py-co-NDPy) nano-
structures were synthesized by an interfacial chemical
oxidative polymerization, and molar ratios of
Py:NAPy were selected to be 5:95, 30:70 and 50:50.
A typical preparation process was as follows: 

An amount of 0.01 mol monomer(s) in 100 mL
toluene was added very slowly to 100 mL pre-cooled
0.03 mol FeCl3.6H2O aqueous solution for the 
oxidative interfacial polymerization for 72 h at room
temperature. The precipitated polymer was filtered
and washed with distillated water and methanol until
the filtrate became colourless and then dried in a 
vacuum drying cabinet at 60°C for 24 h. 

Electrochemical Preparation Process of Poly(Py-
co-NPPy) and Poly(Py-co-NDPy)
Electrochemical experiments were carried out in a
conventional three-electrode cell. A glassy carbon

(GC) electrode with 0.039 cm2 area was used as the
working electrode. A platinum wire and an Ag/AgCl
electrode were used as the counter and reference 
electrodes, respectively. Cyclic voltammograms
(CVs) were recorded by an AUTOLAB (Eco Chemie
B.V., The Netherlands). The molar ratios of Py:NAPy
were selected to be 5:95, 10:90, 25:75, 50:50 and
75:25. A typical preparation process was conducted as
follows: 

An amount of 0.1 M monomer(s) and 0.1 M
LiClO4 in acetonitrile were electropolymerized by
applying sequential linear potential sweeps with a
scan rate of 25 mV.s-1 between -0.4 and +0.9 V versus
Ag/AgCl. The copolymer films were deposited
through 30 cycles for the polymerization in 
supporting electrolytes. After deposition, the films
were washed with 0.1 M of supporting electrolytes
without any monomers. Throughout the studies,
anaerobic conditions were maintained with nitrogen
gas atmosphere.

Characterization
Scanning electron microscopy (SEM) images are 
collected by a LE440I (Oxford, UK) scanning elec-
tron microscopy. Conductivity of the polymers was 
measured at room temperature via a standard four-
probe apparatus (Azar Electric Co., Iran). The FTIR
spectra of the sample were recorded by a Bruker
Tensor 27 (Germany) Fourier infrared spectro-
photometer using KBr pellets.

RESULTS AND DISCUSSION

Characterization of poly(Py-co-NPPy) and
Poly(Py-co-NDPy) Prepared by Chemical
Oxidation
Structural Determination of Monomers and
Copolymers by FTIR
The FTIR spectra of the synthesized N-pentyl and 
N-dodecylpyrrole monomers as well as pyrrole are
shown in Figure 1. The N-H pyrrole band does not
appear in 3400 cm-1, and instead the bands 
related to stretching vibrations of C-H aliphatic
appear in 2929 and 2858 cm-1.

FTIR Spectra of PPy, PPy-co-PNPPy and PPy-co-
PNDPy synthesized in the presence of FeCl3.6H2O as 
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Figure 1. FTIR Spectra of: (a) NPPy, (b) NDPy and (c) PPy
monomers.

the oxidant are shown in Figure 2. A band at about
1695 cm-1, characteristic of the carbonyl group, was 

Figure 2. FTIR Spectra of the prepared polymers: (a) PPy,
(b) poly(Py-co-NPPy); (50:50) and (c) PNPPy. 

found for all the homo- and copolymers, which 
arises from the keto-enol tautomerism of the 
hydroxyl groups introduced on the ring by 
nucleophilic attack of water during the preparation
process [22,23]

FTIR Spectra of copolymers show the bands at
3444, 2925 and 2854 cm-1. These bands can be 
attributed to N-H and C-H aliphatic stretching 
vibrations, C-H out-of-plan deformation (925 cm-1)
and C-H in-plan deformation (1026 cm-1). The broad
absorption wave centered at 1070 cm-1 of poly-
pyrrole is barely detected. These observations 
suggest that not only pyrrole-pyrrole linkages but
also N-alkylpyrrole-pyrrole linkages are formed.

Conductivity
The conductivity of PNPPy and PNDPy homopoly-
mers is low (about 104 times) compared to PPy. The
main reason seems to be due to a stereochemical 
difference between two conducting polymers. The 

Table 1. Electrical conductivity (S.cm-1) for PPy-PNPPy
and PPy-PNDPy in different monomeric ratios.
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Molar ratio of
monomers

Method 1 
(conventional)
conductivity 

(S.cm-1)

Method 2 
(interfacial) 
conductivity

(S.cm-1)

Py:NPPy

0:100
5:95
10:90
20:80
30:70
50:50
70:30
100:0

5.3×10-4

3.1×10-3

8.7×10-3

2.2×10-2

3.8×10-2

5.2×10-2

6.5×10-2

2.5

-
0.03

-
-

0.25
0.39

-
-

Py:NDPy

0:100
5:95
10:90
20:80
30:70
50:50
70:30

1.5×10-4

1.2×10-3

4.3×10-3

9.1×10-3

1.5×10-2

2.4×10-2

3.2×10-2

-
0.02

-
-

0.08
0.14

-
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oxidized polypyrrole almost suggests that the 
presence of longer alkyl chains would reduce the 
conjugation length in the copolymer backbone which
in turn lowers the concentration of charge carrier/
conductivity, resulting in a wider depletion width and
better junction behaviour [24]. Conductivity values
for different ratios of copolymers are presented in
Table 1. It is observed that electrical conductivity of

nano-structure copolymers is increased in comparison
with copolymers prepared by method 1. However,
from the present results it is obvious that the nano-
structure copolymers prepared via interfacial method
may have resulted in more conjugated and regular
backbone structures. It is also worth noting that when
control copolymers of similar composition are 
prepared by an alternative approach, using the 
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(e)

Figure 3. SEM Images of homo- and copolymers prepared by method 1: (a) PNPPy, (b) PNDPy, (c) PPy-
PNDPy (30:70) and prepared by method 2: (d) PPy-PNPPy (30:70) and (e) PPy-PNDPy (30:70).
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conventional copolymerization method from pyrrole
and N-alkylpyrrole monomer mixtures, the resulting 
poly(Py-co-NAPy) is less conductive. Such results
determine that, the conventional polymerization
(method 1) creates an irregular backbone, thus leading
to poor conductivity. However, this result reflects the
electrical transport in semi-conducting polymer sys-
tem and it is usually limited by an inter-chain and not
an on-chain hopping. This is consistent with the
microscopic investigation, which shows a slightly
higher density for the interfacial materials. The con-
ductivity of copolymers, obtained by the two meth-

ods, decreases in the sequence of poly(Py-co-NPPy) >
poly(Py-co-NDPy).

Morphology Studies
The SEM images of poly(Py-co-NPPy) and poly(Py-
co-NDPy) with different molar ratios of pyrrole to the
N-alkylpyrroles (NAPy) are shown in Figure 3.
During the copolymerization of Py with NAPy, 
quasi-spherical structures are formed by agglomerat-
ed particles. The SEM images illustrate that the 
formation of nanostructure copolymers can be 
realized from simple interfacial nucleation 
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(a) (c)

Figure 4. Cyclic voltammograms recorded during the synthesis of poly(Py:NPPy): (a) 0.0:100, (b) 25:75, (c) 50:50
and (d) 100:0.0, between scanning potential range of -0.4 and +0.9 V vs. Ag/AgCl with a scan rate of 25 mV.s-1.

(b) (d)
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mechanism. Comparing the homo- and copolymers
morphology in Figure 3 shows that the diameters of
copolymer particles prepared by method 1 are about
350-400 nm, while the diameters of copolymer 
particles prepared by method 2 are about 200-250 nm,
respectively. The differences in particle size show the
influence of the type of method adopted on the 
morphology of particles obtained. Interfacial poly-
merization represents one effective method to 
suppress secondary growth [25]. Hence, the interface
between the immiscible aqueous-organic layers does
not contribute directly to nanoscale formation; it 

simply separates nanoscale formation from secondary
growth.

Electrochemical Behaviour of Poly(Py-co-NPPy)
and Poly(Py-co-NDPy)
Figures 4 and 5 represent the typical cyclic 
voltammograms (CVs) recorded during the copoly-
merization of Py with NPPy and NDPy in 0.1 M
LiClO4/CH3CN solution at room temperature,
respectively. The CVs were recorded through cycling
the potential between -0.4 and +0.9 V at a scan rate of
25 mV.s-1 in 30 cycles in molar ratios of (Py-NPPy) 
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Figure 5. Cyclic voltammograms recorded during the synthesis of poly(Py:NDPy): (a) 0.0:100, (b) 25:75, (c) 50:50
and (d) 75:25, between scanning potential range of -0.4 and +0.9 V vs. Ag/AgCl with a scan rate of 25 mV.s-1.

(a) (c)

(b) (d)
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Figure 6. Curves of electroactivity (current density versus
various scan rates of [Py:NPPy], ( ) 0.00:100, (×) 25:75,
( ) 50:50, ( ) 75:25 and ( ) 100:0.0.

and (Py-NDPy) 0:100, 25:75, 50:50, 75:25 and 100:0.
All samples demonstrate electrochemical activity,
which is characterized by the typical reduction and 

Figure 7. Curves of electroactivity (current density versus
various scan rates of [Py:NDPy], ( ) 0.00:100, ( ) 10:90,
(×) 25:75, ( ) 50:50, ( ) 75:25 and ( ) 100:0.0.

oxidation peaks. Considering Figures 4 (Py-NPPy)
and 5 (Py-NDPy), the copolymers with higher amount
of Py component have higher electroactivity. The
cyclic voltammograms of PPy show anodic peak at
0.50 V and the cathodic peak at 0.1 V, while the cyclic
voltammograms of poly(Py-NPPy) and poly(Py-
NDPy) indicate peaks different from polypyrrole
redox. Current density corresponding to the anodic
peak of copolymers at different scan rates gradually
increases for poly(Py-NPPy) and poly(Py-NDPy) with
increasing the portion of pyrrole in copolymer, as
shown in Figures 6 and 7. 

As it is evident in Figures 6 and 7, the highest 
current intensities corresponding to the anodic peak
observed for the copolymers pyrrole with NPPy and
NDPy are as follows: PPy>PPy-PNPPy>PPy-PNDPy.

CONCLUSION

Highly pure NPPy and NDPy monomers were 
synthesized from pyrrole. The chemical polymeriza-
tion of these monomers with pyrrole was performed
via two different methods (conventional and inter-
facial). The conductivity measurement showed that
the obtained copolymers with nanoparticles mor-
phology prepared by interfacial method using toluene
as an organic phase are approximately 5-6 times 
higher than copolymer obtained from the convention-
al method. Therefore, it is possible to obtain 
PPy-PNAPy nanostructures with nanoparticle 
morphologies and higher conductivity by tuning the
preparation condition in a two-phase medium. The
conductivity of the copolymers can be inversely 
correlated with alkyl chain length i.e., the shorter the
chain, the more conducting the copolymeric films.
Also electropolymerization of these monomers with
pyrrole was performed by cyclic voltammetry method
and the electrochemical behaviour investigation con-
firmed the copolymer formation. In order to surmount
brittleness, low elongation and poor processability of
polypyrrole, we synthesized copolymers that offer
better mechanical and/or chemical properties.
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