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ABSTRACT: The porphyrin-catalyzed, template-guided
polymerization of aniline was carried out in an aqueous
buffer solution. Hydrogen peroxide and iron(Ill) tetrasulfo-
nated tetraphenyl porphyrin catalyzed the polymerization
of aniline in the presence of sulfonated polystyrene as a
template. The polymerization was carried out at different
pHs ranging from 1 to 5. Ultraviolet—visible spectroscopy
indicated the formation of a conducting form of polyaniline.
The extent of the polymerization increased with decreasing

pH of the solution. The maximum absorbance of the
polaron band at 750 nm was obtained at pH 2, but when the
polymerization was performed with pH 4, this band shifted
to a longer wavelength. These results confirmed that a longer
chain length of polyaniline was obtained with pH 4.
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INTRODUCTION

Polyaniline (PANI) is one of the most interesting con-
ducting polymers because of its stability and good elec-
trical and optical properties.' Potential applications of
PANI include lightweight organic batteries,” micro-
electronics,’ optical displays,* chemical sensors,” and
electromagnetic shielding.® It is anticipated that the
preparation of PANI will receive and more attention
because of its widespread applications. Conducting
PANT is synthesized chemically” or electrochemically®
in acidic solutions. Alternative methods have been
designed to improve the properties of the synthesized
polymers.

The development of new efficient catalysts has an
important role in polymer research. A separate activity
that has been studied in recent years is the use of iso-
lated enzymes.” Enzymatic catalysis is involved in both
in vivo and in vitro polymerization.'’ Various synthetic
polymers have been synthesized under milder condi-
tions by enzyme-catalyzed polymerizations.'' Enzy-
matic polymerization has been explored as an alterna-
tive approach to the synthesis of electronically and opti-
cally active polymers. The polymerization of phenolic
compounds with horseradish peroxidase (HRP) as the
catalyst has been reported.'* Aniline and its derivatives
have also been shown to polymerize via an enzymatic
oxidation process.”® Recently, we reported the enzy-
matic synthesis of water-soluble, conducting poly(o-to-
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luidine), poly(pyrrole), and poly(N-alkyl anilines).
The reaction of aniline derivatives with hydrogen per-
oxide catalyzed by oxidoreductase is a route to the
synthesis of industrially important polyaromatics.

HRP and related enzymes show low stability under
nonphysiological conditions, and they are relatively
expensive, whereas metalloporphyrins are more sta-
ble, cheaper, and more promising for industrial appli-
cations. Extensive studies have been carried out with
metalloporphyrins as models of oxygenases for the
oxidation of organic compounds.'”*' However, the
polymerization of organic compounds with metallo-
porphyrins instead of related enzymes has received
little attention.*

Water-soluble metalloporphyrins mimic the various
reactions of HRP and other monooxygenases in differ-
ent reactions. In this work, we report a novel route for
the polymerization of aniline with hydrogen peroxide
catalyzed by anionic, water-soluble iron(Ill) tetra
(p-sulfonatophenyl)porphyrin (Fe'TPPS). The poly-
merization was carried out under different pH condi-
tions ranging from 1 to 5 in the presence of sulfonated
polystyrene (SPS) as a template. The synthesized poly-
mer was a water-soluble, electroactive, and conducting
PANI/SPS complex. The progress of the reactions was
monitored spectroscopically.

EXPERIMENTAL

Poly(sodium 4-styrene sulfonated) (molecular weight
= 70,000) was purchased from Aldrich Chemical Co.
(Milwaukee, WI) and was used without any further
purification. Hydrogen peroxide (30 wt %), aniline,
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cation-exchange resin Dowex 50W-Xg (50-100-mesh),
and all other reagents were obtained from Merck
(Whitehouse Station, NJ). Aniline was purified by vac-
uum distillation in the presence of Zn powder before
use. Fe'"TPPS was prepared in our laboratory through
the synthesis of tetraphenylporphyrin and then the
sulfonation of the compound.

Catalyst synthesis
Sodium tetra(p-sulfonatophenyl) porphyrin (H,TPPS)

Pure tetraphenylporphyrin (TPP) (2 g) was synthe-
sized according to the procedure of Adler and Long.**
The sulfonation of TPP was performed with the
Fleischer method as follows.?* TPP (2 g) and concen-
trated H,SO, (50 mL) were mixed. The mixture was
heated on a steam bath for 4-5 h and then allowed to
stand at room temperature for 48 h. The crude product
was purified according to the procedure of Tsutsui* to
yield 60% pure H,TPPS. The purity of H,TPPS was
confirmed by ultraviolet-visible (UV-vis) and IR spec-
troscopy.”*?” The UV-vis spectrum of H,TPPS (H,O,
pH 10) showed five peaks at 411 (soret), 515, 552, 580,
and 633 nm. The IR spectrum of H,TPPS (KBr) showed
four strong bands at 1218, 1188, 1125, and 1039 cm !
due to sulfonic acid.

Sodium tetra(p-sulfonatophenyl)
porphyrinate iron(III)

A fourfold excess of FeSO, was added to hot and espe-
cially neutral solutions of H,TPPS according to the pro-
cedure of Fleischer et al.** The solution was heated on
a steam bath for at least 30 min, and the pH was con-
trolled and kept fixed at 7. Then, the pH was reduced
to 3, and the solution was passed through the H* form
of the cation-exchange resin Dowex 50W-Xg (50-100-
mesh) to remove excess Fe®*; then, it was immediately
neutralized. Further purification was accomplished by
the precipitation of Fe''TPPS from a pH 5 solution by
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the addition of four volumes of acetone. The precipi-
tate was redissolved in methanol and reprecipitated
with acetone. The UV-vis spectrum of Fe ' TPPS (H,0,
pH 3) showed three peaks at 392, 528, and 680 nm. The
IR spectrum of Fe"TPPS (KBr) showed five strong
bands at 1220, 1187, 1120, 1035, and 995 cm ™.

Polymerization

The polymerization of aniline with hydrogen peroxide
catalyzed by water-soluble iron(Ill) tetrasulfonated
porphyrin was carried out at pH values ranging from
1 to 5 at the ambient temperature. To 15 mL ofa 0.2 M
phosphate citric acid buffer solution were added
0.0186 g (0.09 mmol) of SPS (based on the molecular
repeat unit) and 8 pL (0.09 mmol) of aniline under con-
stant stirring. Then, the catalytic amount of the iron
(I1I) tetra(p-sulfonatophenyl)porphyrin (Fe''TPPS) was
added (3 x 10~° mmol). The reaction was initiated by
the addition of 4.5 mL (0.02M) of diluted hydrogen per-
oxide under vigorous stirring. The polymerization was
completed after 24 h. The final solution was dialyzed
(molecular cutoff = 3000) overnight to remove any
unreacted monomers and oligomers. A homogeneous,
dark green, water-soluble PANI was obtained.

Characterization

UV-vis spectra were obtained with a Shimadzu UV-
2100 spectrophotometer. The Fourier transform infra-
red (FTIR) spectrum was measured on a Bruker IFS
66/S FTIR spectrometer in the form of a dried PANI/
SPS complex with KBr pellets. The cyclic voltammetry
(CV) measurements were performed with a three-elec-
trode cell with platinum as the auxiliary electrode,
Ag/AgCl as the reference electrode, and Pt foil (1-cm?
surface area) as the working electrode. The cyclic vol-
tammograms were obtained in a 1.0M HCI electrolyte
in polymer solutions and were scanned between — 0.2
and 1V at scanning rates between 20 and 200 mV /s.

Scheme 1 Proposed scheme for the formation of the PANI/SPS complex.
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Scheme 2 Proposed mechanism for the polymerization of aniline with FeTPPS.

RESULTS AND DISCUSSION

The peroxidase-catalyzed polymerization of aroma-
tic amines has been extensively studied in recent
years.”®* A scheme of PANI synthesized in the pres-
ence of SPS is shown in Scheme 1, where SPS acts as the
template and the polymerization is catalyzed with
HRP. The polyelectrolyte (1) provides a preferential
local environment that facilitates the para-directed
coupling of the monomer, (2) provides counterions for
doping, and (3) maintains the water solubility for syn-
thesized PANI. Although HRP is a good biocatalytic
approach to the synthesis of PANI, there exists a need
to develop a cost-effective and newer synthetic catalyst
alternative for peroxidase in these reactions. Possible
applications of metalloporphyrins in catalysis have
been the subject of intense research over the past few
decades.”® They have been used with a variety of oxi-
dants, including hydrogen peroxide, hydroperoxides,
and peracids.’'? Recently, poly(ethylene glycol) modi-
fied hematin was reported as a cost-effective catalyst.”®
Also, hemoglobin was used as a biocatalyst for the
synthesis of PANT in the presence of a template.**

We used water-soluble iron(IIl) tetrasulfonated por-
phyrin as a synthetic catalyst for the polymerization of

aniline. The proposed mechanism for the formation of
a reactive intermediate in the polymerization of aniline
with FeTPPS is shown in Scheme 2. On the basis of the
literature reports,35’36 the oxoiron(IV) radical cation is
responsible for initiating the formation of the aniline
cation radical, which attacks the other aniline molecule
to form a dimer, and hence the reaction further propa-
gates to give PANL
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Figure 1 UV-vis spectra of the reaction mixture (a) before
and (b) after the addition of H,O,.
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Figure 2 UV-vis spectra of the PANI/SPS complex
obtained with the FeTPPS catalyst at different pHs: (a) 1,
() 2, (c) 3, (d) 4, and (e) 5.

Figure 1 shows UV-vis spectra of the monomer, tem-
plate, and FeTPPS catalyst in the 0.1M buffer solutions
at pH 4 before [Fig. 1(a)] and after [Fig. 1(b)] the addi-
tion of hydrogen peroxide. The reaction was carried
out in the presence of SPS as a template, and a water-
soluble conducting PANI/SPS complex was obtained.
As can be seen in Figure 1(b), the characteristic peaks
at 400 and 780 nm were assigned to polaron bands and
confirmed the presence of a conductive form of PANI.
Because SPS contained an electron-withdrawing sul-
fonic group in the complex, the polaron band appeared
below 800 nm.

The polymerization of aniline is strongly pH-de-
pendent. To determine the role of pH during the poly-
merization, the reaction was carried out under differ-
ent pH conditions ranging from 1 to 5. Figure 2 shows
the UV-vis spectra of PANI prepared at different pHs.
The intensity of the polaron band at about 700-800 nm
first increased with increasing pH of the reaction; then,
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Figure 3 UV-vis spectra of the PANI/SPS complex pre-
pared with different reaction times: (a) 4 h, (b) 8 h, (c) 12 h,
(d) 1 day, (e) 2 days, and (f) 3 days.
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Figure 4 UV-vis spectra of PANI/SPS during dedoping
and redoping with a base and an acid in the pH ranges of
(a) 3-12 and (b) 12-3.

with the pH increasing more, it decreased. The maxi-
mum absorbance was obtained at pH 2 under the same
conditions. However, because acid solutions of FeTPPS
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Figure 5 Cyclic voltammograms of (a) a blank solution

and (b) the PANI/SPS complex in 1.0M HCI at a scanning
rate of 100 mV/s. I, current; E, potential.
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Figure 6 Plot of the anodic peak current versus the scan-
ning rate for the PANI/SPS complex.

slowly degenerated to Fe*" and the porphyrin diacid,
it seems that under a strongly acidic solution, Fe>"com-
peted with FeTPPS in the polymerization of aniline cat-
alyzed by hydrogen peroxide. On the other hand, as
the pH of the solution increased, the polaron band
became broader and shifted to longer wavelengths. Be-
cause the absorption of the polaron band was strongly
dependent on the molecular weight of the polymer,””
this indicated the difference in the molecular weight of
the polymer with changes in the pH. Therefore, we
preferred that the reactions be carried out in pH 4
buffer solutions because the catalyst was more stable at
this pH and a longer polymer chain was obtained.
Figure 3 shows the UV-vis spectra of the PANI/SPS
complex prepared with different reaction times. The
peak intensity reached a maximum after 4 h, but after 1
day, the polaron band at 760 nm shifted to longer
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wavelengths because of the possible formation of a
polymer with a longer chain length. There was no sig-
nificant change observed after 3 days.

Redox reversibility

PANI/SPS was used for studying the reversible redox
behavior of the polymer in the complex. The evalua-
tions of the absorption spectra were studied in aqueous
solutions, and the results are presented in Figure 4. The
polaron bands at 400 and 750 nm confirmed that the
complex was in a doped state at an acidic pH. As can
be seen in Figure 4(a), when the pH was increased from
2 by 1 N NaOH, the polaron bands gradually disap-
peared with the emergence of a new peak at 550 nm
due to the exciton transition. At pH 12, PANI was fully
dedoped, and the solution color changed from green to
blue and finally to purple.

The dedoped form of the complex was redoped by
titration with 1 N HCI. Figure 4(b) shows that these
dedoping/redoping processes were reversible. The
isobestic points were observed clearly. This pH-
induced redox reversibility demonstrated that electro-
active PANI was synthesized by this method.

Electrochemical properties

The electrochemical behavior of the PANI/SPS com-
plex was characterized with CV. Figure 5 shows the
cyclic voltammograms of a blank solution containing
SPS and porphyrin in a catalytic concentration and the
PANI/SPS complex. The CV curves were recorded in a
1M HCl solution at a scanning rate of 100 mV/s. Only
one set of redox peaks at E; ,, = 0.6 V, where E; /; is the
half-wave potential, belonged to the complex. Similar
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Figure 7 FTIR spectrum of the PANI/SPS complex synthesized with the FeTPPS catalyst.
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results have been observed previously.”” The absence
of two anodic peaks probably was due to the resistance
of the PANI/SPS complex to oxidation to another
state.” The presence of SPS and porphyrin in the syn-
thesized PANI influenced the electrochemical proper-
ties of the complex. The details of the effects of these
compounds are still under investigation. These
recorded CV curves suggested that the porphyrin-syn-
thesized PANI was electrochemically active.

Recording the cyclic voltammograms at different
scanning rates between 20 and 200 mV /s, we observed
that there was an appreciable change in the cathodic
and anodic peak current values. Figure 6 shows a lin-
ear relationship between the anodic peak current and
the scanning rate for the PANI/SPS complex. The
slope of this curve indicated the electroactivity of
the polymer, and the complex showed a convenient
electroactivity.

FTIR spectroscopy

FTIR spectra of the PANI/SPS complex prepared at
pH 4 with porphyrin catalysts are shown in Figure 7.
The bands around 1599 and 1490 cm ™" are due to the
ring stretching of the quinoid and benzenoid forms of
PANI, respectively. The band at 1305 cm ™' was assigned
to C—N stretching of a secondary aromatic amine.*®
The band at 1125 cm ™" is due to charge delocalization
on the polymer backbone.* The peak at 830 cm ™, cor-
responding to the 1,4-disubstituted aromatic, in the
PANI/SPSspectrum confirms head-to-tail PANI forma-
tion.*® Also, the peaks observed at 1005 and 1035 cm Y
corresponding to symmetric and asymmetric S=0
stretching, confirm the presence of SPS in the com-
plex.*! These results are in good agreement with spec-
tra obtained from chemically synthesized PANL

CONCLUSIONS

The synthesis of an electroactive PANI was accom-
plished with a water-soluble iron(lll) tetrasulfonated
porphyrin in the presence of a template. The robust-
ness of the synthetic porphyrin catalyst was demon-
strated by the ability of this catalyst to carry out the
polymerization reaction at various pHs. The best
results were obtained under strongly acidic conditions.
Because of the slow demetallation of the catalyst under
these conditions, polymerization was carried out in an
aqueous phosphate buffer in a pH 4 solution. At this
pH, the polaron band became broader and shifted
to a longer wavelength because of the possible forma-
tion of PANI with a longer chain length. FTIR and UV-
vis spectroscopy characterization showed that the
obtained PANI was similar to previous polymers ob-
tained chemically, electrochemically, or enzymatically.
This process is simple (one-step), chemically mild, and
environmentally benign and requires minimal separa-
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tion and purification. With this method, water-soluble,
conducting PANI in the presence of SPS was obtained.
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