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Hemoglobin- and catalase-polymerized PEDOT:PSS were
characterized by X-ray photoelectron spectroscopy, visible and
near-IR spectroscopy, FTIR, and ESR. Hemoglobin-polymerized
PEDOT:PSS possesses bipolarons, while catalase-polymerized
PEDOT:PSS is dominated by polarons. Use of heme-bound iron
as an oxidant yields PEDOT:PSS with conductivity of 19.5

S cm™! in a single-step aqueous reaction.

Introduction

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is water dispersible,
biocompatible conductive polymer mixture.! > These properties
enable the use of PEDOT:PSS in a diverse set of applications
36 chemical and biological

a transparent, and

including light emitting diodes,
sensors,”'* and regenerative medicine.'" '> The initial synthesis
of PEDOT:PSS results in a relatively low conductivity polymer
(~1 S ecm™).! Conductivity is then enhanced by treating films of
low-conductivity PEDOT:PSS with organic molecules,
inorganic salts, or inorganic acids.'>'® This process increases
the conductivity of PEDOT:PSS from ~1 S cm™ up to ~3000 S
em™."” To streamline production, there is a significant
advantage to controlling the properties of PEDOT:PSS during
polymerization. This can be accomplished by the choice of
oxidant used during polymerization.'® '° Recently, we
demonstrated a six order of magnitude increase in the
conductivity of PEDOT:PSS as a function of oxidant.
Specifically, the use of hemin as an oxidant led to PEDOT:PSS
films with conductivities of 0.62 S c¢cm™, compared to films
produced using FeCl; as an oxidant with conductivities of
2.9x107 S cm™.'"® We found that this increase in conductivity

was associated with a change in the dominant charge carrier
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species. Hemin-synthesized PEDOT:PSS possessed bipolarons,
while FeCls-synthesized PEDOT:PSS possessed polarons. In
addition to our work with PEDOT:PSS, oxidants such as
Fe,(SO,)3, (NH4),S,04, and H,O, have been used to tune the
conductivity of a similar conducting polymer, poly(thieno[3,4-
b]thiophene), over two orders of magnitude.19

While small molecule oxidants provide a measure of control
over the final polymer conductivity, biomolecules provide a
broad array of properties and could serve as an oxidant library
for the synthesis of conducting polymers with a desired set of
properties. Initial work in the use of proteins as oxidants for the
synthesis of PEDOT:PSS focused on plant enzymes,?*?
specifically horseradish and soybean peroxidase.”>* We have
previously shown that both active and denatured catalase can be
used as oxidants for the polymerization of PEDOT:PSS.?
Enzymatic activity is not required for polymerization. Instead,
catalase serves only as a source of iron. Our current research
investigates the effect of protein oxidant on polymer properties
using two iron-containing biomolecules, hemoglobin (Hb) and
catalase (CAT) (Fig. S1), as oxidants for the polymerization of
PEDOT:PSS (Scheme 1). We show that different heme proteins
result in dramatically different polymer conductivities and
investigate the mechanistic underpinnings of this difference.
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Scheme 1. Reaction scheme using an iron-containing protein as an oxidant for
the synthesis of PEDOT:PSS. Hb and CAT were used as oxidants (Fig. S1, ESI).

PEDOT:PSS was synthesized by combining the appropriate
biological oxidant (Hb or CAT), EDOT, and PSS (70 kDa MW)
in an HCI-KCI buffer (pH ~2) while stirring. The reaction was
initiated by the addition of stoichiometric quantities of
hydrogen peroxide. The reaction was allowed to proceed for 6
hours. The product was then isolated through dialysis and
centrifugation. Elemental analysis by XPS shows that the
polymers have nearly identical elemental compositions and that
protein is not present in the final product (Table S1 and Fig. S2,
ESI). Complete experimental details can be found in ESI
Interestingly, the polymerization of PEDOT:PSS by Hb and
CAT yields polymers with differing optical and electronic
properties (Fig. 1).
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Fig. 1. Spectroscopic and electrical characterization of PEDOT:PSS polymerized
with Hb and CAT. (a) Representative visible and near IR absorption spectra of Hb-
synthesized PEDOT:PSS (red) and CAT-synthesized PEDOT:PSS (blue). (b)
Representative FTIR spectra. (c) Representative ESR spectra. (d) Conductivity of
Hb-synthesized PEDOT:PSS films (red) and CAT-synthesized PEDOT:PSS films
(blue) measured by four point probe. Error bars represent the standard deviation
of a minimum four measurements on twelve films.

Visible and near IR absorption spectra of Hb- and CAT-
polymerized PEDOT:PSS both show a strong absorption at 795
(Fig. 1a).

nm characteristic of polarons Hb-polymerized

2 | Biomaterials Science, 2014, 00, 1-3

PEDOT:PSS shows increasing absorption in the near IR
suggesting a peak further into the IR. This was confirmed with
FTIR measurements in the mid-IR that showed a broad
absorption centered at 3600 cm™ (Fig. 1b) for Hb-polymerized
PEDOT:PSS. This feature has been previously attributed to
bipolarons in PEDOT:PSS.?”” CAT-polymerized PEDOT:PSS
lacks this bipolaron absorption. This difference in spectral
features suggests that CAT-polymerized PEDOT:PSS primarily
possesses  polarons, Hb-polymerized PEDOT:PSS
possesses a mixture of polarons This
conclusion is supported by the ESR spectra of Hb- and CAT-
polymerized PEDOT:PSS (Fig. 1c). ESR is a useful tool for
characterizing polarons as only unpaired charges, such as the

while
and bipolarons.

radical cations of polarons, result in absorption. Paired species,
such as bipolarons, are not observed with ESR.%3! CAT-
polymerized PEDOT:PSS shows a strong absorption centered
at 3512 G, while Hb-polymerized PEDOT:PSS shows a much
weaker absorption at 3513 G. This change in absorption
intensity that CAT-polymerized PEDOT:PSS
possesses a significantly higher concentration of polarons than
Hb-polymerized PEDOT:PSS. This difference in charge carrier
species should be reflected in different conductivities with the
higher charge density provided by bipolarons leading to
increased conductivity.” The conductivity of Hb- and CAT-

indicates

polymerized PEDOT:PSS was measured using a four point
probe (Fig. 1d). We find the Hb-polymerized PEDOT:PSS
possess a conductivity of 2.8 S cm™, compared to 3.5x10° S
! CAT-polymerized PEDOT:PSS. The use of
myoglobin, which is structurally similar to Hb, as an oxidant

cm™  for
also resulted in bipolarons as the dominant charge carrier (Fig.
S3, ESI). While the conductivity of the Hb-polymerized
PEDOT:PSS is not especially high, the important aspect of this
the ability to synthesize PEDOT:PSS with
conductivities spanning five orders of magnitude in a single-

result is

step aqueous reaction by the choice of biomolecular oxidant.
Although the iron in both Hb and CAT is associated with
identical heme B groups, they yield PEDOT:PSS with different
charge carrier species and different conductivities suggesting
the difference in polymer properties arises from a difference in
the protein. It is important to note that these reactions are
carried out under acidic conditions (pH ~2) where the proteins
are at least partially denatured. Catalase has minimal enzyme
activity (Fig. S4, ESI) and Hb shifts
characteristic of the acid denaturation of Fe(III) methemoglobin
(Fig. S5, ESI). The observed difference in polymer properties
can be compared to our previous work with FeCls-polymerized
PEDOT:PSS, which possesses polarons, and hemin-
polymerized PEDOT:PSS, which possesses bipolarons.'®
Hemin and heme B differ only in the initial oxidation state of
iron, Fe(Ill) and Fe(Il), respectively, and the presence of a
chloride counter ion. We hypothesized that protein structure,

shows spectral

even denatured protein structure, controls polymer properties
through differing rates of the release of iron into solution from
the heme group.

To test this hypothesis, an iron chelator,
ethylenediaminetetraacetic acid (EDTA), was added to the
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reaction mixture to remove free iron from the reaction. As a
control, EDTA was added to a reaction using FeCl; as the
oxidant, a reaction that can proceed only through free iron. No
PEDOT:PSS was formed (Fig. S6, ESI). In comparison, hemin-
mediated polymerization of PEDOT:PSS was not affected by
EDTA (Fig. S6, ESI). Using CAT as an oxidant, the addition of
EDTA reduced the yield of PEDOT:PSS by a factor of 20 (Fig.
2a). Importantly, the presence of EDTA in the reaction mixture
shifts the charge carrier in the resulting PEDOT:PSS from
polarons to bipolarons (Fig. 2). Visible and near IR spectra
show enhanced absorption at longer wavelengths, indicative of
bipolarons (Fig. 2a). Similarly, the FTIR spectra of
PEDOT:PSS polymerized by CAT in the presence of EDTA
shows a broad absorption feature due to bipolarons (Fig. S7,
ESI). The ESR spectra of CAT-polymerized PEDOT:PSS with
EDTA demonstrates a dramatically reduced concentration of
polarons compared to the same amount of PEDOT:PSS
polymerized in the absence of EDTA (Fig. 2b).
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Fig. 2. Spectroscopic characterization of PEDOT:PSS synthesized with CAT in the
presence (orange) and absence (blue) of EDTA. (a) Representative visible and
near IR absorption spectra. CAT in the absence of EDTA is replotted from Fig. 1
for comparison. CAT (blue) is diluted 20 fold compared to CAT + EDTA (orange).
(b) Representative ESR spectra. FTIR spectra show similar trends (Fig. S7, ESI).

In comparison, Hb-polymerized PEDOT:PSS was minimally
affected by the addition of EDTA (Fig. S8, ESI). The yield was
reduced by less than a factor of 3 (Fig. S8a, ESI). The reduced
yield demonstrates that polymerization mediated by both Hb
and CAT is due to a mixture of heme B, which is not affected
by EDTA, and free iron, which is inhibited by EDTA. In the
presence of EDTA, the ESR spectra of Hb-polymerized
PEDOT:PSS shows a decrease in the already weak polaron
absorption (Fig. S8b, ESI). For both Hb and CAT, the reduction
in polaron population is due to the reduced availability of free
iron during PEDOT:PSS polymerization. These results
demonstrate that the primary difference between Hb- and CAT-
polymerized PEDOT:PSS arise from a difference in active iron
oxidant. When heme B is the active oxidant, bipolarons
dominate. When free iron is the active oxidant, polarons
dominate.

Given the conductivity enhancement associated with the
change in charge carrier species from polaron to bipolarons
(Fig. 1d), we expect a further enhancement for PEDOT:PSS
polymerized by Hb in the presence of EDTA, which only
allows for heme B, rather than free mediated
The conductivity of

iron,

polymerization. Hb-polymerized
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PEDOT:PSS in the presence of EDTA was measured to be 19.5
S cm’, a nearly 10 fold enhancement compared to Hb-
polymerized PEDOT:PSS in the absence of EDTA. To the best
of our knowledge, this enhanced conductivity represents the
highest on record for pristine PEDOT:PSS, which is typically <
1 S cm™.%3%% The highest previously reported conductivity for
pristine PEDOT:PSS was 10 S cm™', obtained by creating an
emulsion of the monomer EDOT in PSS before polymerization
for higher concentrations of EDOT an aqueous solution.** Hb-
polymerized PEDOT:PSS (with EDTA) is considerably more
conductive than PEDOT:PSS previously obtained via biological
oxidants, with conductivities between 10°t0 107 S em 2222
% In the case of horseradish peroxidase and soybean
peroxidase, which are both heme B proteins, it is likely that free
iron also contributed to the polymerization, resulting in low
conductivities.?* 23

Conclusions

We show that Hb-polymerized PEDOT:PSS is 10° times more
conductive than catalase polymerized PEDOT:PSS. This
difference in conductivity is correlated with a change in charge
carrier species, confirmed with near-IR absorption, mid-IR
absorption, and electron spin resonance (ESR) spectroscopy.
Hb-synthesized PEDOT:PSS possesses bipolarons while CAT-
synthesized PEDOT:PSS possesses (Fig. 1).
Mechanistic studies show that this difference in charge carrier

polarons

species is ultimately controlled by the dominant oxidant: heme
iron is the dominant oxidant in the Hb synthesis, while free iron
is the dominant oxidant in the CAT synthesis (Fig. 2). When
free iron is removed from the polymerization by chelation with
EDTA, the resulting PEDOT:PSS is dominated by bipolarons
with a conductivity of 19.5 S cm™.

The key difference between the use of heme B and free iron
as an oxidant is likely due to the interaction with hydrogen
peroxide. It is known that Hb and CAT can form high-valent
iron species when combined with hydrogen peroxide.*® *” For
example, the biological function of active CAT is the
decomposition of hydrogen peroxide via the formation of a
high-valent iron species known as compound 1.°® Previous
investigations of Hb have shown that it can form oxoiron(IV)
following reaction with hydrogen peroxide.*® *° In addition,
production of hydroxyl radicals via Fenton’s reaction may

41,

mediate the reaction.*’ ** Future work will examine the

interaction between the iron-containing biomolecules and
hydrogen peroxide to characterize the active oxidant in the
polymerization.

Using EDTA allows for a single-step aqueous reaction
yielding PEDOT:PSS with

Although this conductivity remains lower than the record for

relatively high conductivity.
PEDOT:PSS, the processing involved is considerably reduced.
The highest conductivities on record are achieved through
sequential processing steps.*’ For example, when PEDOT:PSS
is treated with ethylene glycol before and after film casting,
conductivities as high as 1400 S cm™ can be achieved.
PEDOT:PSS films treated multiple times with sulfuric acid
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reach the highest conductivities on record of over 3000 S cm’
117

The use of iron-containing biomolecules as oxidants for the
synthesis of PEDOT:PSS dramatically expands the structures of
oxidants that can be screened for potentially valuable
PEDOT:PSS properties. There are ~800 different heme proteins
catalogued in the heme protein database.”> Obtaining such
diversity synthetically would be a difficult undertaking. The
naturally occurring array of iron-containing proteins provides a
readymade set of highly specialized oxidants. These diverse
of controlling PEDOT:PSS

properties in a single-step aqueous reaction yielding a tailor-

structures provide a means

made polymer with the appropriate conductivity for a given
application.
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