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Abstract

Polypyrrole is one of the most useful conductive polymers, but green synthesis of this polymer
has been restricted until now. The objective of the present study is green synthesis of nano
polypyrrole (PPy) by oxidative polymerization using urea-hydrogen peroxide. It was found that
conductivity and morphology of polypyrrole are highly dependent on the reaction conditions
such as the molar ratio of oxidized to monomer, temperature, reaction time, kind of solvents, the
presence of a catalyst such as p-toluene sulfonic acid, and specially concentration and addition
time of hydrochloric acid. After understanding the relationship between these factors, we turned

this enormous variability into improved polypyrrole properties.

Keywords: Conductive polymer; green chemistry; oxidation polymerization; nano PPy; P-

toluene sulfonic acid.

Introduction

These days, conductive polymers have
promising application in different fields.
These polymers can be more easily processed
than metals; they can cover large surfaces
and also are lighter than metals. PPy is one of
the most studied and most useful conductive

polymers due to its chemical stability, high
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conductivity and easy synthesis method. PPy
also has many potential applications such as
in electronic devices, electrodes for
rechargeable batteries [1,2], supercapacitors
[3,4], solid electrolytes for capacitors [5,6],
electromagnetic shielding materials [7],
sensors [8], corrosion-protecting materials

[9-13], actuators [14], electrochromic devices
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[15], and membranes [16].

Study of nano-size particles of this
polymer is of great interest. Nano PPy can be
synthesized by electrochemical or oxidative
chemical methods, but green synthesis of this
polymer would be interesting. UHP (urea-
hydrogen peroxide), as an oxidant, is one of
the best choices because it is easy to handle,
safe, more stable than hydrogen peroxide and
it can be considered as a carrier of the
unstable and hazardous hydrogen peroxide.
Considering these aspects, UHP was used for
metal-free chemical oxidation of pyrrole. It
has been observed that the ultimate size,

of polypyrrole

nanoparticles are highly subjective to the

morphology and shape

reaction conditions. Fundamental
understanding of how size and morphological
changes influence the physico-chemical
properties of polypyrrole nanoparticles are of
great technological interest.

Though, UHP is a cheap, mild and an
environmentally benign oxidant with highly
active oxygen, but with slow oxidizing
properties in the absence of activators. Direct
oxidation by this compound is often
kinetically unfavored. The use of a catalytic
system with electron-transfer mediators
(ETMs) usually facilitates the procedure by
transporting the electrons from the catalyst to

the oxidant along a low-energy pathway,

thereby increasing the efficiency of the
oxidation and thus complementing the direct
oxidation reactions.

Over the past few years, TSA (p-toluene
sulfonic acid) was used as a catalyst in
different areas of organic synthesis [17-26].
In this study, we attempt to characterize the
effect of various probable UHP catalysts such
as TSA,
(ASA) and HCI to determine what actually

anthraquinone-2-sulfonic  acid

controls the rate of oxidative polymerization
and hence the structure of the polymer.
Experimental
Urea and hydrogen peroxide were
commercially purchased (Aldrich). Pyrrole
was distilled under reduced pressure and
stored at 4 °C. Scanning electron microscopy
(SEM) measurements were performed with a
LEO 1455 VP microscope. Transmission
electron microscopy (TEM) experiments
were performed on a Hitachi H-8100 electron
microscope with an acceleration voltage of
200 KV. FT-IR Spectra of KBr powder-
pressed pellets were recorded on a Bomem
FT-IR spectrometer. Bulk conductivity
measurements were measured by using four-
point probe method. Reaction monitoring
was accomplished by TLC on silica gel
Polygram SILG/UV 254 plates.

Procedure for the synthesis of nano

polypyrrole
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Freshly distilled pyrrole (3.35 g, 0.05 mol)
was added dropwise through a dropping
funnel to a magnetically stirred mixture of 15
mL aqueous solution of UHP (0.05 mol) and
TSA (095 g, 0.005 mol) at room
temperature. The color of the mixture
gradually turned black. The resulting
products in each time interval was then
centrifuged, filtered, washed with copious
amount of distilled water and dried at
ambient temperature.

Sample A: The reaction was allowed to
proceed for 30 min. The conductivity of the
product was 0.0033 S/ cm.

Sample B: The reaction was allowed to
proceed for 4 h. The conductivity of the
product was 5.88 x10” S/ cm.

Sample C: The reaction was allowed to
proceed for 20 h. The conductivity of the
product was 9.26 x10” S/ cm.

Sample D: At the beginning of the reaction,
15 mL HCI solution (1 M) was added to the
mixture of UHP, PY and TSA. Morphology
of product was amorphous with 10° S/ cm
conductivity.

Sample E: After 25 min, 1 mL HCI (1M)
was added to the reaction mixture, and the
reaction was allowed to proceed for next 5
min at room temperature. The conductivity of

the product was 0.005 S/cm.

Sample F: The resulting product was washed

with 50 mL HCI (1 M) and dried at ambient
temperature. The conductivity of the product
was 0.025 S/cm.
Sample G: In the beginning the reaction, 15
mL HCI solution (3 M) was added to the
mixture of UHP, PY and TSA. Morphology
of  product was  amorphous  and
nonconductive. The effect of Py/UHP molar
ratio, the effect of TSA (dopant) amount at
the time of reaction, conductivity, and the
morphology of the resulting products are
given in Tables 1-3.
Results and discussion
Literature survey on the use of p-toluene
sulfonic acid as an oxidant activator shows
that it was used by Yang et al. [27] as an
activator for oxidation of sulfides to
sulfoxides by iodobenzobenzene, selectively.
Furthermore, Berkessel et al. [28] reported
that the oxidation of cyclohexanone with
hydrogen peroxide was catalyzed by this
compound. Furthermore, the autoxidation of
p-xylene was carried out by the Co(OAc),/
Mn(OAc),/ Br— as a catalyst in the presence
of p-toluenesulfonic acid [29]. Finally, p-
toluene sulfonic acid catalyzed oxidation of
monoterpenes in combination with palladium
[30].

At the first stage, in order to evaluate the
effect of oxidant, reactions of UHP with

different molar ratios of oxidant to monomer
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(from 1/4 to 4/1) were studied. There was no
sign of reaction progress appeared after 7
days. Thus, four proposed catalysts (TSA,
hydrochloric acid, ASA and its sodium salt)
were examined. In the first attempt, TSA
was selected as a catalyst (and dopant). The
reaction started immediately and it was
completed after 30 minutes in 1:1 molar ratio
of Py/UHP. No reaction occurred when this

catalyst was used in the absence of UHP.

r.t.

m UHP, HCI or p-TSA
N
H

Since this compound cannot act as an
oxidant, two important and helpful factors
would be its acidic proton that helps in
proton-assisted electron transfer during
oxidation of pyrroles, and its surfactant-like
behavior in that the radicals are stabilized
and protected from unwanted side reactions
with the solvent, oxygen or other nucleophile

(Scheme 1).

Scheme 1. Schematic representation of PPy formation

In the third set of conditions, ASA
sodium salt was chosen in combination with
UHP . The reaction was very slow and
incomplete even after several days. In the
fourth study for checking the proton effect,
anthraquinone-2-sulfonic acid was used as a
catalyst. This acid can accelerate the reaction
the same as TSA. According to the results
mentioned above, the presence of acid is an
acceleration  of

important  factor for

polymerization of pyrroles by UHP as shown
in the literature survey.

The effect of hydrochloric acid was
examined in different situations. When the
polymer was washed with this acid (six
times, 50 mL, 1 M), due to doping effect,
conductivity was raised from 0.0033 to 0.025
S /em. Therefore, acid can change the
aromaticity of pyrroles in polymer and

transform sp” orbital of nitrogen into sp. In
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another attempt through which hydrochloric
acid (1 M) was added at the beginning of the
polymerization of Py, it was found that the
conductivity has diminished. = When, the
concentration of acid was changed to 3 M,
the reaction was accelerated vigorously
together with gas generation (H;) [31]. Under
this circumstance, morphology control was
impossible and a nonconductive aggregate
was formed. However, one can say that the
addition of the high concentration of acid at
the beginning of the reaction can change the
morphology of polymer and cause crosslink,
in a manner that PPy would lose its
conductivity. This situation has occurred
even after completion of the reaction and
keeping the obtained polymer in 3 M
hydrochloric acid resulting in an aggregated,
nonconductive polymer. For IM
hydrochloric acid, the rate of the reaction is
very high and creates aggregated polymer,
but it is very low to evolve a remarkable
hydrogen gas. Thus, high concentration of
acid isn’t suitable for this reaction and
creates crosslinked polymer.

Finally, hydrochloric acid (1 M) was
added in the presence of UHP but in the
absence of TSA. In this case, the reaction
was at the same rate as when TSA was

present but the conductivity was low. Thus, it

is likely that the presence of TSA is

important due to its surface activity, which
acts as a template and a uniform morphology
is obtained.

In the continuation of our research, the
effects of different solvents on the reaction
time were studied. The best result was gained
from water, and no reaction was occurred in
other solvents such as methanol, ethanol, and
a mixture of water/ethanol.

This reaction was studied under different
temperatures in combination with Py, UHP,
and TSA. At 0 °C, the reaction rate was low
and the conductivity of polymer was low too;
it 1s may be due to decrease of surfactant
ability of TSA. Under identical conditions,
but at 50 °C, the reaction was very slow,
which it could be as a result of
decomposition of UHP. The best result was
obtained at room temperature.

It was found that the conductivity
measurement could be a facile and simple
way to guess the morphology of obtaining
PPy prior to SEM and TEM studies. Sample
with low conductivity has an aggregate
structure and sample with high conductivity
has uniform morphology. This enhancement
in conductivity is related to better polymer
chain orientation that, in turn, enhances
conjugation lengths.

In conclusion, we report a new

successful strategy for the synthesis of nano
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PPY. The attractive features of this protocol
compared with previous work are, 1:1 ratio
of oxidant to monomer, absence of transition
metal catalysts, need of room temperature,
short reaction time, and showing a tailor-
made reaction whose dimensions and
morphology of the product varies with
reaction time. This nano PPY can be used as
a bconducting filler in making conducting
polymer composites [32-34].
Characterization of polymers
IR spectra of the PPys obtained here were
identical to the literature reports [35-38]. The
broadband in the range of 4000-2000 cm™
which is known as ‘‘tail of the electronic
absorption band’’ is one of the characteristics
of the conducting form of polypyrrole that is
clearly visible in our polymer samples. The
bands centered at 1537, 1470, 1295 and 1185
cm' can be assigned to be due to C=C (str.)
and C=N (in plane), C—C (str.) and C—N (str.)
vibrations, respectively (Figure 1).

Different nanopolypyrrole samples were

obtained by changing the reaction time of the

polymerization. The weak absorption around
1686 cm” due to the presence of carbonyl
groups (as a sign of formation of
pyrrolidinone, isolated or conjugated) was
seen in some of the samples. Under
optimized conditions(Py/UHP/TSA=1/1/0.1,
15 mL water, room temperature), this
absorption appeared after 4 hours reaction
time (Table 1, Entry 3), under the same
conditions, but bubbling the reaction mixture
with N, gas, carbonyl group was formed very
quickly (after 1.5 hours). This phenomenon
could be due to the faster agitation of the
reaction mixture and strong collision between
water and the hydroxyl group as a
nucleophile and formed polypyrrole. Thus,
carbonyl formation was time dependent.
Nanopolymer formed at the beginning of the
reaction was free of this group. This result is
also appeared in conductivity of polymer,
and the best conductivity was obtained

during the first 4 hours of the reaction time.

Table 1. The effect of Py/UHP molar ratio in 15 mL of water in the presence of 0.005 mol TSA

Entry Py/UHP Py (mol) UHP(mol) Reaction time
1 4 0.05 0.0125 >10h
2 2 0.05 0.025 >3 h
3 1 0.05 0.05 30 min
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4

0.5

0.025

0.05 30 min

0.25

0.0125

0.05 30 min

Table 2. The effect of TSA (dopant) on the time of reaction for molar ratio of Py/UHP=0.05/0.05

Entry TSA (mol) Time of reaction (min)
1 0.001 2
2 0.0005 2
3 0.00025 10

Table 3. Time and pH effects for Py/UHP/TSA =1/1/0.1 in 15 mL of water

Entry HCl Other condition Time Conductivity Morphology Yield
(mL, (S/ cm) (%)
M)
1 - - 30 min 0.0033 Nano globular particles 77
(predominant) + nano fiber
2 - - 4h 5.88 x10° globular particles + fiber 89
3 - - 20 h 9.26 x10” Micron size globular particles 91
(predominant)
4 15,1 Acid was added 30 min 10° Amorphous 84
at first
5 1,1 25 min after 30 min 5x 107 Nano globular particles + nano 77
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reaction started fiber
6 50, 1 Washing with 30 min 25x107 Nano globular particles 77
acid (predominant) + nano fiber
7 15,3 Acid was added 30 min - amorphous and nonconductive
at first

Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM)
were used to study the morphology of the
obtained PPy samples. The images show one-
dimensional fiber like structures of
polypyrrole in nanodimensions when the
reaction is conducted for a short duration of
time (30 min, Figures 2 and 3). As the time
increases, there is a tendency by the polymer
to acquire a granular form (4 h, Figures 4 and
5; 20 h, Figure 6). The width of obtaining
nanofiber is around ~50-105 nm. These
structures show uniform morphology and
were grown almost parallel to each other.
Therefore, one can say that varying the
reaction time intervals can be helpful in
morphological control of  polypyrrole
nanostructures obtained using UHP as an

oxidant.

Conductivities  of  the  resulting
polypyrrole nanostructures synthesized were
measured by the four-probe method. The
obtained polypyrrole nanostructures show
typical nonmetallic behavior with a
maximum conductivity of 2.5 x 10? S/cm at
room temperature. The low room temperature
conductivity of the optimized polypyrrole
nanostructures is in accordance with the PPy
reported by Zhang et al. [39] and Kaiser et
al. [40] due to the low doping level.

The proton nuclear magnetic resonance
spectrum (1H-NMR), the carbon-13 nuclear
magnetic resonance spectrum (13C- NMR),
and the X-ray scattering (XRD) pattern of
nano PPy are presented in Figures 7-9,

respectively.
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Figure 4. TEM image showing PPy fibers

Figure 3. SEM image showing PPy fibers

Figure 6. SEM image showing poly PPy fiber

Figure 5. TEM image showing PPy globular

particles
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Figure 7. IH-NMR of PPy
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Figure 8. 13C-NMR of PPy
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Figure 9. XRD of PPy

Conclusion

Despite the progress on the synthesis of nano
polypyrrole, there are still some limitations
with respect to using green conditions for this
reaction. In this research, we found that using
TSA as a surfactant, dopant and oxidant
activator, water as solvent and 30 minutes for
reaction time offers the best conditions for
green synthesis of nano PPy by UHP.
Hydrochloric acid can play different roles in
this polymerization depending on its

concentration and time of addition. PPY size

and  morphology and  pyrrolidinone
appearance, as side products, are also time
dependant.
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