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Introduction. Conducting polymers hold tremen-
dous promise as a new class of advanced materials for
numerous technological applications.!~® Polyaniline, an
extensively investigated conducting polymer, is derived
from a common, readily available monomer, is stable
and redox active, and can reach metallike conductivities
upon protonation.*”7 Commercial use of polyaniline
however, has been limited due to harsh synthetic con-
ditions and poor processability, electrical stability, and
environmental compatibility. Numerous self-doped meth-
ods have been recently developed to improve both the
electrical stability and solubility of polyaniline®~!
These chemical polymerization conditions, however, re-
main harsh and require additional separation and
purification steps before processing of the conducting
polyaniline is possible.

Enzymatic polymerization of anilines has been stud-
ied as a promising environmentally friendly and more
efficient synthetic alternative. Horseradish peroxidase
(HRP) in the presence of hydrogen peroxide catalyzes
the polymerization of phenol and aromatic amines to
produce high molecular weight polymers.'? The polym-
erization reaction, however, is known to be both ortho
and para directed and typically results in branched
polymeric materials which are intractable and have poor
electrical properties. To minimize branching and fa-
cilitate processing, a large number of experimental
situations have been investigated including aqueous and
organic solvent mixtures,'®1% organized reaction envi-
ronments such as reversed micelles,'* and Langmuir
monolayers.® Most recently, enzymatic polymerization
has been used to prepare water-soluble polyanilines
where the monomer is simply a water soluble analogue

of aniline.1617 The resultant polymers in all these cases
are synthesized under mild conditions and offer many
processing advantages. However, these materials must
be converted to the conducting form by doping (proto-
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Figure 1. Branched structures of the traditional ortho—para
directed enzymatic polymerization of aniline which results in
an electrically inactive form of polyaniline vs enzymatic
polymerization of aniline (at pH 4) in the presence of SPS. This
reaction promotes a more linear, para-directed reaction and
results in the conducting emeraldine salt form of polyaniline.

nation) under extreme acidic conditions for electrical
conductivity and still remain limited in their electrical
and optical properties.
" Recently, in a major improvement in the synthesis
and doping of polyaniline, polyelectrolyte- (polyanion-)
assisted chemical polymerization of aniline has been
used to simultaneously form a water-soluble and doped
conducting complex of polyaniline. The monomers, upon
exposure to strong chemical oxidants, polymerize and
complex with the polyanion, resulting in a water-soluble
polyaniline in the conducting emeraldine salt form.18-21
While the synthesis still requires strong oxidants and/
or modified aniline monomers, subsequent doping and
processing limitations have been minimized. The method
we describe here combines the advantages of the
environmentally benign and mild enzyme-catalyzed
polymerization of aniline with the simultaneous doping
and processability enhancements of the polyelectrolyte-
assisted chemical polymerization. A simple, inexpen-
sive, environmentally benign synthesis of a stable and
processable conducting polymer has been achieved.
Experimental Section. Aniline, sulfonated poly-
styrene (SPS) with an M, of 70 000, and 30% hydrogen
peroxide were purchased from Aldrich Chemicals and
used as received. Horseradish peroxidase (HRP) was
purchased from Sigma Chemicals and used as received.
The polymerization of aniline was carried out in01M
sodium phosphate buffered aqueous solutions with the
pH ranging from 4.0 to 10.0. In each case, aniline
monomer was first dissolved in concentrations ranging
from 10 to 100 mM and SPS (based on the repeat unit)
was then added to the desired molar (aniline:SPS) ratio.
To initiate polymerization, a catalytic amount of HRP
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Figure 2. Photograph of a series of SPS/polyaniline (1:2 ratio) solutions prepared at pH’.
the last vial is that of aniline polymerized at pH 4 without SPS.

was added to the solution (1-5 unit/mL) followed by
addition of a stoichiometric amount of hydrogen perox-
ide (2:1, hydrogen peroxide to aniline monomer), in 10
#liincrements, 10 min apart with constant stirring. The
reactions were left to stir for approximately 3 h to bring
the reaction to completion. Since only catalytic amounts
of HRP are used and the hydrogen peroxide is converted
to water during the reaction, minimal separation and
purification steps are required. Absorption studies were
recorded using a Perkin-Elmer Lambda 9 UV—vis—
near-IR spectrophotometer.

Results and Discussion. In the process of carrying
out an enzymatic, polyelectrolyte-assisted polymeriza-
tion of aniline, remarkable, unexpected synergies are
obtained. First, the polyelectrolyte acts as a template
upon which the aniline monomers and/or oligomers
preferentially align themselves and form a complex that
leads to mostly para-directed synthesis promoting ex-
tended conjugation of the resulting polyaniline chains
with limited parasitic branching. This, in itself, leads
to significant improvement and control over the elec-
tronic properties of the complex and results in a
conducting (redox active) form of polyaniline as shown
in Figure 1. Second, the polyelectrolyte actually serves
as a large molecular counterion which is integrated and
essentially locked to the polyaniline chains. This poly-
emeraldine salt with the polyanion is extremely stable
and once formed ensures stability of the desired electri-
cal properties. Last, the polyelectrolyte template serves
to provide water solubility of the final template—
polyaniline complex for facile, inexpensive processing.

The pH of the reactant solution is critical in control-
ling the aniline monomer—polyanion complex formation
and hence the electrical activity of the resulting polya-
niline backbone. As shown in Figure 2, solutions
ranging in color from green (at low pH) to blue (near
neutral pH) and finally to yellow (at high pH) are
obtained. These colors and the corresponding absorp-
tion spectra (not shown) correspond to the well-known
oxidation states of chemically prepared polyaniline 2223
Of particular interest is the green solution which was
prepared at pH 4 (higher than that required for chemi-
cal synthesis of polyaniline). Visible absorption studies
show that this solution has an absorption maximum at
approximately 750 nm, indicating the formation of the
conducting, emeraldine salt form of polyaniline. How-
ever, as the pH of the reactant solutions is increased,
the absorption maximum of the resultant polymer shifts
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Figure 3. Visible absorption of the SPS/aniline (1:2 ratio)
complex, prepared at pH 4, with increasing pH.

to shorter wavelengths. This corresponds to more
parasitic branching (ortho coupling) and the less pro-
tonated forms of polyaniline.??> These changes may
be explained by weaker electrostatic adsorption and/or
poorer organization of the aniline monomer along the
anionic sulfonate groups of the polyelectrolyte template
under higher pH conditions. Since the pK, of aniline
is 4.60, a pH of 4 is sufficient to provide the necessary
cationic charges which promote preferential alignment
and salt formation with the polyanion. In all cases, no
precipitation of the polymer complex was observed from
any of the solutions which contained the SPS polyelec-
trolyte. If the polymerization is carried out in the
absence of SPS however, a brown, murky solution
immediately forms followed by precipitation of uncom-
plexed, low molecular weight polyaniline.

The reduction/oxidation reversibility of the SPS/PAN
complex is demonstrated in Figure 3. A peak at 750
nm is observed for the initial SPS/PAN complex formed
at pH 4. As the pH is adjusted to 6, 8, and finally 10
the absorption peaks are observed to shift to much
shorter wavelengths, which correspond to changes in
the protonation of the polyaniline backbone. The re-
verse behavior is observed as the pH is sequentially
adjusted back to 4.0. This complete redox reversibility
further confirms that the polyaniline formed under
these conditions is the electrically active form. Redox
reversibility is not observed for SPS/PAN complexes
formed at pH 7 or higher, however, as these complexes
show little or no change in absorption with pH. This
may be explained by weaker electrostatic interaction of
the aniline and the polyelectrolyte instead of more direct
integration with the polyelectrolyte counterion sites,
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Figure 4. Plot of absorbance vs ratio of SPS:aniline.

Subsequently, a more ortho-directed synthesis prevails,
leaving behind a more highly branched and less inti-
mately connected, insulating form of polyaniline.

Optimization of the ratio of SPS to aniline was carried
out by polymerizing with varying ratios of 1:10 to 10:1
for SPS to aniline at pH 4.0. Figure 4 shows a plot of
the absorption peak vs the ratio of SPS:aniline. It is
apparent from these results that a ratio of 1:2 (SPS/
aniline) is the minimum amount needed to obtain the
conducting form of polyaniline, which has its signature
peak at 750 nm. This ratio is also close to the minimum
amount of SPS needed to maintain complete water
solubility of the final complex, and it corresponds to
roughly one sulfonate (counterion) group per two aniline
monomers. As the amount of SPS is increased, the
absorption remains at 750 nm, suggesting that maxi-
mum counterion levels and integration of the SPS to
the polyaniline have been achieved. Four-point probe
conductivity measurements carried out on dried films
of the 1:2 (SPS/PAN) system prepared at pH 4 were
found to be as high as 1071 S/em. As the ratio of SPS
in the complex was increased, however, the conductivi-
ties were found to decrease to as low as 1076 S/em,
suggesting that the insulating nature of the SPS is
contributing significantly to the bulk electrical proper-
ties of the assembly. Infrared spectroscopy, XPS, and
elemental analysis data are consistent with the pro-
posed conducting form of polyaniline. This complex, to
date, has also demonstrated good electrical and solution
stability as no decrease in conductivity of the cast films
or precipitation of polymer from solution has been
observed after 6 months of storage at room temperature.

This new biological route to the synthesis of a water-
soluble, truly conducting form of polyaniline is particu-
larly attractive as it now allows for a completely benign,
one-pot synthesis where the desired final product re-
quires little or no further purification. The process is
general; numerous anilinofunctional comonomers may
be employed to produce important electroactive copoly-
mers. Also, a template with a specific structure, shape,
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and size may be incorporated to fabricate desirable
architectures for a host of electronic and optical ap-
plications. In this first report of an optimized biochemi-
cal reaction using complexed monomers on a polyelec-
trolyte template, an approach to biochemical synthesis
of a conducting polymer has been established.
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