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Abstract

This short-review article is based on the lecture presented at the 13th Conference on Materials and Technology
held in Portoroz, October 10-12, 2005 and summarizes our recent results obtained in the investigation and
development of polymerization methods aimed at the synthesis of high-purity conjugated polymers, polyacetylenes
and polyanilines in particular. Part 1. Introduction provides a survey of main procedures currently used in synthesis
of conjugated polymers; Part 2. Catalytic chain polymerizations in two-phase systems contains a brief information on
the liquid-liquid systems but mainly it deals with a preparation of mesoporous polymerization catalysts and their
use and effectivness in the synthesis of high-purity polyacetylenes. The catalyst systems obtained by anchoring of
soluble, catalytically active transition-metal complexes on mesoporous supports such as polybenzimidazole beads,
all-siliceous molecular sieves MCM 41, MCM 48, and SBA 15, and the sieves with inner pores modified by linkers
with -NH,, -PPh, and -N(PPh,), end groups are discussed as to their activity, stereoselectivity, re-use and transport
limitations for guest macromolecules. Part 3. Transformation of stoichiometric polymerizations to catalytic processes
mainly deals with the polymerization of aniline and its derivatives with the catalytic system Fe**/H,0,. Quality of
polyanilines prepared by catalytic and stoichiometric procedures are compared and new results are presented,
according to which both active species present in the reaction mixture, Fe** ions and HO" radicals, participate
in the overall mechanism, creating a synergic system. Concluding Part 4. Conclusions, limitations and perspectives
provides a summary of results obtained including advances and limitations of these synthesis approaches and
perspectives of their use and development.

Keywords: catalytic oxidative polymerization, coordination polymerization, conjugated polymers, functional
polymers, hydrogen peroxide, immobilized catalysts, iron trichloride, mesoporous polymerization catalysts,
mesoporous molecular sieves, metathesis, polyacetylenes, polyanilines, polybenzimidazole, polyvinylenes.

1. Introduction

For almost three decades, conjugated polymers
and oligomers have been under intensive research
and development as new functional materials for
electronics, photonics, advanced coatings, and related
applications.”” Some conjugated polymers such as
polypyrrole and polyaniline have already found practical
applications in the construction of capacitors, analytical
sensors, antistatic films and coatings, materials for
electrostatic discharge protection, electrochromic
windows, anticorrosion paints, etc. More advanced
applications of conjugated polymers in the construction
of electronic devices, photovoltaic cells and actuators

are anticipated; the first all-polymeric printed circuits
and displays have recently been presented. Neat
conjugated polymers are insulators or semiconductors,
which, however, become conductive upon partial
oxidation or reduction, also referred to as doping; in the
case of polyaniline, protonation (proton doping) is also
necessary.” The doping processes allow the properties
of these polymers to tune from insulators to metallic
conductors.

The properties of conjugated polymers important
for their application in electronics are remarkably
sensitive to the presence of impurities, which might
act as uncontrolled dopants, traps of charge carriers,
quenchers of excited states, etc. Catalyst residues
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and side-products from polymer synthesis are typical
contaminants of conjugated polymers and are mostly
removed by repeated precipitation or by adsorption
to silica or alumina or other sorbents. Both of these
techniques are time consuming, of limited efficiency
and, to a great extent, empirical because the chemical
structure of catalyst residues is often unknown.
Production of high amounts of waste solvents is another
important disadvantage of this approach. Therefore, the
development of new preparation procedures giving pure
conjugated polymers almost free of catalyst residues and
other polymerization side products is highly desirable.

There are about six types of procedures used for
the preparation of conjugated polymers:

1. Homogeneous coordination polymerization
(catalytic chain polymerization) of the insertion or
metathesis type, mainly used for syntheses of poly-
vinylenes (polyacetylenes), polyphenylenevinylenes
and related polymers,* for example:

CH==CH metathesis
polymerization
DI L Ycrmer
n
CH=CH

1(1,4),4(1,4)-dibenzena-
cyclohexapha-2,5-diene

poly(1,4-phenylenevinylene)

insertion or
metathesis

=i —_— =
QC cH polymerization -[_ CH—]:

phenylacetylene

poly(phenylacetylene)

2. Chemical (stoichiometric) polymerization, typically
an oxidation or dehalogenation polymerization,’ in
which a monomer or mixture of monomers react
with the stoichiometric equivalent of a coupling
agent giving the corresponding polymer and a high
amount of side products. Chemical polymerization
has already found applications in industrial
production of polyanilines and polythiphenes, for

example:
+ 2nFeCl,
n / \ S / \ + 2nFeCl,+ 2n HCI
S CHCI, S "
thiophene polythiophene
R R
+ n (NH,),S,04
n NH, + N
—2n (NH)HSO, n
alkylaniline polyalkylaniline

3. Catalytic versions of chemical polymerization,
such as Suzuki-Miyaura, Heck and Sonogashira
couplings, are frequently used to prepare
polyaryleneethynylenes and fluorene polymers
and copolymers.’

R R
oot fhyom
= P — =
(Pd/Cu cat.) =CT7,

polyaryleneethynylene

Sonogashira coupling

O O + Br—Ar—Br —
0‘1.3 B0
&o R O\j

Suzuki - Miyaura coupling
R R "

4. Chemical transformation of a precursor polymer,
such as the transformation of poly{(5,6-bis(triflu
oromethyl)bicyclo[2,2,2]octa-5,7-dienevinylene }
to poly(vinylene), also known as “Durham
polyacetylene” by the retro-Diels-Alder reaction
(see, e.g., chapter 13 in ref.*?):

CF, CF,

& RS +n 6 -
n modif.
P —— —_—

ROMP 50 °C ﬂ

9 n

"Durham polyacetylene"

5. Electrochemical polymerization of monomers
such as aniline, pyrrol or thiophene, yielding a
conducting polymer film deposited on the anode
material.’ This method is useful for the preparation
of conducting polymer films for electronic devices
such as electro-analytical sensors composed of a
receptor for a particular compound anchored on
a conducting polymer film. On the other hand,
electropolymerization is not regarded as a method
suitable a the large-scale production of conducting
polymers.

6. Photochemical polymerization, which is typically
used for the polymerization of diacetylenes
assembled in Langmuir-Blodget films®, for

example:
R!
R
\\ hv 1\
—
N — b
R? R,
diacetylene polydiacetylene
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The first two preparative methods have the highest
innovation potential:

e homogeneous chain polymerizations can be transformed
into reactions in two phase systems, allowing easy and
effective separation of the catalyst residues from the
polymer formed,

e stoichiometric oxidative polymerizations can
be transformed into catalytic processes yielding
acceptable side products.

In this contribution, we present the state of the
art and our own recent results obtained in these two
fields.

2. Catalytic Chain Polymerizations in
Two-Phase Systems

A homogeneous catalytic polymerization can be
transformed into a two-phase process by: (i) dissolving
the catalyst in a liquid of poor miscibility with both the
polymer formed and the solvent in which the polymer
is dissolved, or (i) using heterogeneous polymerization
catalysts, mostly originally homogeneous catalyst
anchored on a solid support.

The first approach is usually accomplished by
using an ionic liquid to form the catalytic phase of the
system. To achieve an effective catalyst separation from
the polymer phase, catalyst species should be ionic or
ionizable and the polymer formed should be soluble in
anon- or low-polarity solvent. These conditions are well
fulfilled, e.g., in the polymerization of phenylacetylene
and its derivatives with rhodium complexes.” The ionic
liquid must be properly chosen since the polymerization
activity of Rh catalysts is sensitive to the structure of
both the cation and anion of the ionic liquid.

A use of fluorocarbons (perfluorinated
hydrocarbons), which are immiscible with the majority
of other solvents, represents another possibility of
implementing two-phase polymerization processes of
the liquid-liquid class. However, the use of fluorocarbons
as solvents for the catalyst phase is much more
complicated because only catalysts comprising highly
fluorinated ligands are well soluble in fluorocarbons.
This thermodynamic requirement makes this approach
difficult since complexes bearing perfluorinated ligands
are rather rare and knowledge about their catalytic
activity is still quite poor.® In addition, fluorinated
ligands are expensive, not easily available, and they
must be selected carefully in order not to quench the
activity of the catalyst.

Anchored catalysts. This approach consists in
anchoring a homogeneous catalyst on a suitable organic
or inorganic support that is easily separable from the
polymer solution. Microporous supports widely used in

chemical industry cannot be applied for these purposes
because micropores (diameter up to ca 1.5 nm) are too
narrow to allow the macromolecules formed to escape
into the surrounding solution and make active species
free for a formation of further macromolecules. This
was clearly demonstrated in attempts to polymerize
various acetylenes with H-zeolites and Co" and Ni"
exchanged zeolites. Evidence of polymer formation was
obtained from Raman spectra, however, the polymers
formed remained caged in zeolites and attempts to
isolate them by dissolving the supports in hydrofluoric
acid were unsuccessful, yielding products of the polymer
hydrolysis and hydrofluorination.’

The use of mesoporous (pore diameters up to ca
50 nm) or macroporous catalyst supports can eliminate
the above-mentioned transport limitations because
the nanopores are large enough to enable the formed
polymer molecules to escape from the support into a
surrounding solution by a reptation and/or diffusion.
We used this approach in the synthesis of high-purity,
stereoregular polymers of substituted acetylenes. Air-
stable dinuclear Rh'(diene) complexes, which are known
to polymerize substituted acetylenes to cis-transoid
polyacetylenes,* were anchored on mesoporous supports
of two kinds: (i) mesoporous polybenzimidazole (PBI)
beads'™ with high population of pores of the diameter
from 10 to 20 nm (ca. 650 m*/g),'"* and (ii) all-siliceous
mesoporous molecular sieves with practically uniform
pore diameter d differing in the pore architecture:
MCM-41 (hexagonal pore packing,d = 3.4 nm), MCM-
48 (cubic pore packing,d = 3.2 nm), SBA-15 (hexagonal
pore packing,d = 6.8 nm)."! So obtained catalysts were
found to polymerize various substituted acetylenes
(Scheme 1) and to exhibit the same, i.e., cis-transoid
stereoselectivity as non anchored catalysts.

ﬁH
anchored =C
n Rh-complexes
n

R is:

H, F, pentyl, —N_

\g@%SiMGS

Scheme 1. Polymerizations studied with a use of anchored
rhodium-based catalysts.

Preparation of mesoporous polymerization
catalysts. Anchoring of Rh complexes was accomplished
by the direct adsorption of the complexes from THF or
CH, (I, solutions. Since Rh complexes are colored, a
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course of anchoring can be easily monitored by UV/vis
spectroscopy. In addition, the content of Rh in the
resulting supported catalysts was determined by ICP
mass spectrometry. The ICP MS method was also used
to determine contamination of the prepared polymers
with Rh residues as well as leaching of Rh species
into the surrounding solution during the experiment
(via analysis of the supernatant upon isolation of the
polymer).

e N N\
asast
n

Scheme 2. Chemical structure of PBI beads

Commercially available catalytically active
[{Rh(cod)},(1-C1),] and [{Rh(nbd)},(u-Cl),] complexes
(cod and nbd stand for n*n>-coordinated cyclooctadiene
and norbornadiene, respectively) are easily anchored onto
neat mesoporous PBI beads; practically 100% anchoring
is achieved at 3% loading (weight of Rh/weight of PBI).'*
Analysis of the liquid phase remaining upon anchoring has
shown that no compound is released into the liquid phase
during the anchoring process. Consistently, the ESCA
analysis of the supported catalyst has shown that chlorine
atoms remain bound to the anchored Rh species. These
observations indicate that, during anchoring, dinuclear Rh
species are transformed into the mononuclear ones, which
are then bound onto the support via the nitrogen groups of
PBI. Rh complexes with p-methoxo bridge ligands do not
anchor onto PBI.

Molecular sieves exhibit anchoring behavior different
from that of PBI. Commercially available p-chloro
Rh(diene) complexes do not anchor onto neat molecular
sieves at all. On the other hand, rhodium p-methoxo
complex [{Rh(cod)},(u-OMe),] is smoothly, practically
totally anchored onto tested neat, all-siliceous mesoporous
molecular sieves under the elimination of methanol to the
liquid phase. This indicates that this anchoring proceeds
via MeO — SiO ligand exchange."*

In order to exploit easily available p-chloro Rh
complexes in designing new mesoporous catalysts, we
modified inner pores of molecular sieves by reaction with
compounds such as (CH,0),Si-(CH,),-NH,, (C,H;0),Si-
(CH,),-PPh, and (CH,0),Si-(CH,),-N(PPh,),. In this way
we introduced ligands coordinating to Rh species onto pore
walls. The pore modification proceeds under the liberation
of the corresponding alcohol (methanol or ethanol) into
the liquid phase, while the following catalyst anchoring
proceeds without a release of any byproduct.'™ Typical
loading of the molecular-sieve-supported catalysts that we
used in our experiments was 1%. It should be mentioned

here that the alcohol liberation is not quantitative, most
probably owing to the sorption of a part of formed alcohol
on the support pores. Solid-state NMR analyses of the
resulting hybrid catalysts show that, on average, 0.7
to 0.8 of OCH, groups per one linker molecule remain
unreacted.'' This indicates the following structures of
catalyst species formed by anchoring an Rh p-chloro
complex onto a modified molecular sieve:

—Sl—(CH2)3

h D
Rh
o

_ S1 (CH2)2—PQ
Cl/ \,

Scheme 3. Assumed structures of Rh catalysts with modified
molecular-sieves supports.

Summary of results of polymerization experiments.
The polymerizations of substituted acetylenes
(phenylacetylene and its 4-pentyl-, 2-fluoro-, 4-fluoro-
and 4-(Me,Si-C=C-C;H,CH=N-) derivatives) to readily
isolable cis-transoid polyvinylenes were performed in
batch reactors. The course of the reaction was monitored
by size exclusion chromatography (SEC) of the liquid
phase sampled from the reaction mixture upon short
centrifugation. Catalyst leaching was monitored by the
mass-spectrometry (ICP-MS) analysis of both the used
supported catalyst and the isolated polymer (obtained by
pouring a centrifuged reaction mixture into a twenty-fold
excess of methanol). The supernatant from the polymer
isolation was also analyzed for rhodium content. In
addition, experiments were done to examine whether the
polymerization really proceeds in the catalyst pores and
does not proceed in the liquid phase: an already reacting
polymerization mixture was, upon short centrifugation,
split into two parts of equal volume — that containing all the
supported catalyst and that free of the supported catalyst.
The further course of polymerization in both mixtures was
then monitored. Typically, polymerization continued in
the system with the supported catalyst only, which proves
that the reaction takes only part in the supported-catalyst
species. Exceptionally, the polymerization also took place
in the system without supported catalyst, which points
to leaching of active species from the heterogeneous
catalyst.
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Rh(cod) complexes immobilized on mesoporous
PBI, non-modified molecular sieves, and molecular
sieves modified with (CH;0),Si-(CH,),-NH, spacers
exhibit good polymerization activity and provide high-
cis-transoid polyacetylenes, same as the corresponding
complexes used as homogeneous catalysts.'' This proves
that anchoring does not alter the product stereoselectivity
of rhodium catalysts. The polymers formed, including
that with 4-(Me,Si-C=C-C,H,CH=N-) ring substituents,
are continuously released from the hybrid catalyst to
the surrounding solvent, which allows easy polymer
separation from the catalyst. Molecular weight of so
prepared polymer (<M>_ typically ranges from 1-10° to
3-10°) is equal to or higher than that of the corresponding
polymer prepared homogeneously. According to molecular
dimensions recently determined'* for poly(phenylacetylene)
and calculated'” for polyvinylene chains of various
configurations, diameters of macromolecules formed
exceed diameter of the host mesoporous channels mainly
in the case of catalysts supported on the MCM-41 and
MCM-48 molecular sieves (free-pore diameter 3.4 and
3.2 nm, respectively). This shows that the reptation mode
(snake-like movement) plays important role in releasing
macromolecules from pores.

The immobilized catalysts give high-purity neat
polymers containing from 0.00002 to 0.0001 wt.% of
Rh, which represents 0.002 — 0.015% of the catalyst
used. Reference polymers prepared by corresponding
homogeneous processes under comparable conditions
contain from 0.01 — 0.1 wt.% of Rh (1 — 15% of the
catalyst used). This means that the transformation of
homogeneous processes to heterogeneous ones brings
about thousand-fold reduction in the neat polymer
contamination with catalyst residues. In addition, a
formation of oligomers, typical side products of the
polymerization of substituted acetylenes with rhodium
catalysts, is also significantly reduced although not
completely eliminated on anchored catalysts (vide
infra).

Unlike the preceding systems, Rh(cod) complexes
anchored on molecular sieves modified with (C,H,0),Si-
(CH,),-PPh, do not provide effective polymerization
catalysts, most probably owing to too high concentration
of -PPh, groups in the vicinity of the active sites. Namely,
it is known that triaryl phosphines help to control
homogeneous polymerization processes induced with
Rh catalysts if they are applied in the equimolar amount
with respect to the catalyst, and that they disturb the
polymerization when used in higher amounts.** " The
phosphine-linker-anchored Rh catalysts can be activated
towards polymerization by organic amines, which,
however, also promote significant leaching of anchored
rhodium species to the solvent phase, so counteracting
the target intended by the catalyst anchoring.

The above-described successful results obtained

with anchored Rh(cod) complexes have not been achieved
with anchored Rh(nbd) complexes. Surprisingly, the last
gave considerably lower polymer yields although the
parent Rh(nbd) complexes, when applied as homogeneous
catalysts, show higher activity than the corresponding
Rh(cod) ones. This might be explained in two ways.
First, Rh(nbd) complexes are known to induce, under
proper conditions, living stereoregular polymerization of
substituted acetylenes," in which kinetic-chain transfer is
practically absent. Therefore, it can happen that the polymer
chains formed on the anchored Rh(nbd) catalysts remain
bound to active polymerization centers and thus cannot
be released from the catalyst pores into the surrounding
solution. However, in our experiments, we did not use
reaction conditions needed for living polymerization.
Another explanation consists in a formation of insoluble,
so called columnar forms of polyphenylacetylenes inside
pores.*** Molecules of substituted polyacetylenes behave
as random coils in solutions,'? however, if practically
stereoregular, cis-transoid macromolecules are rapidly
formed in a restricted volume element inside pores and
they do not have time to undergo a partial isomerization,'*
a formation of insoluble forms can be promoted.

Another key point of the development of heterogeneous
polymerization catalysts is obtaining robust, recyclable
catalysts for environmentally friendly and economical
processes. Unfortunately, the new catalysts developed so
far show a slow but continuous decrease in polymerization
activity when used repeatedly.'™"" The ESCA method has
revealed a change in the chemical structure of anchored
Rh species upon polymerization,'" interpretation of which,
however, is still uncertain.

Mesoporous molecular sieves MCM-41 have also
been used as a support for anchoring Mo Schrock carbene
complexes Mo(=CHCMe,Ph)(=N-2,6-i-Pr,C,H;)(OR),,
where OR = OCMe, or OCMe(CF,),, via a ligand exchange
reaction with OH groups of MCM-41 by the elimination
of the corresponding alcohol.'” The Mo/MCM-41
heterogeneous metathesis catalysts were found active
in ROMP of cyclooctene and norbornene, as well as in
metatheses of alkenes and cross-metatheses of alkenes and
cycloalkenes. In the case of ROMP of cycloalkenes, chain
transfer agents such as hept-1-ene or hexen-5-yl acetate
can efficiently regulate the polymer molecular weight.
The catalyst was found to be Mo-leaching resistant and to
keep its activity unchanged upon addition of a new dose
of substrate. However, a decrease in the catalytic activity
was observed upon catalyst recycling, which should
be ascribed to contaminants entering pores during this
operation. Nevertheless, the results obtained show that
such a catalyst can be effectively used for the preparation
of pure soluble polymers by metathesis polymerization as
well as for other metathesis reactions. Ruthenium-based
mesoporous catalysts prepared by other authors showed
better stability.'*
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Scheme 4. Metathesis polymerizations studied with a use of
anchored Schrock complexes.

3. Transformation of Chemical
Polymerizations to Catalytic
Processes

The replacement of chemical polymerization by a
catalytic process is of potential importance mainly in the
case of oxidative polymerization of anilines, pyrroles,
and thiophenes, since this approach can considerably
reduce contamination of neat polymers. Polyaniline
(PANI) and its derivatives are routinely prepared by
the stoichiometric oxidative polymerization of aniline
(ANI), which gives a high amount of side products.’ The
most frequently used oxidant for polymerization of ANIs
is ammonium peroxodisulphate, which is transformed
into ammonium hydrogensulphate. Although this side
product does not deteriorate properties of formed
PANIs, its removal from neat PANI represents about
half of cost of this product.” We currently use this
oxidant in our research of homo- and co-polymerization
of various anilines carried out in the last years, in
particular 2- and 3-aminobenzenesulfonic acids,'**"
2-methoxyaniline,'*® and 2- and 3-aminobenzoic
acids.''Nevertheless, it is clear that a replacement of
the stoichiometric process by the catalytic one should
bring about substantial improvement in the production
of polyanilines and related polymers. Such process
can be based on catalytic oxidation, in which the main
inorganic oxidant is present in a catalytic amount and is
continuously re-oxidized by a supporting oxidant such
as molecular oxygen or ozone or hydrogen peroxide
which itself is ultimately transformed into water during
the polymerization, as depicted below for a system with
H,0, as supporting oxidant (Scheme 5).

HO-+ HO‘~X Cat0x @—ﬁﬂs
HZOZ
H,0

CatRed @_&Hz —— polymerization
H+

2

Scheme 5. Assumed catalytic cycle for a catalytic oxidative
polymerization of ANI with a use of H,0O,.

ANI has already been polymerized catalytically
with (i) Cu®*/O,* and Fe**/ozone™ ' systems, which
both show rather low polymerization activity, (ii)
enzyme-based systems H,O,/peroxidase'®, which is
too expensive, and (iii) Fe’*/H,0, and Ru**/H,0,
systems". So far, the best results have been obtained
using the Fe’*/H,0, system, which has been used in
polymerizations of aniline and its 2-ethyl and 2-propyl
derivatives' to yield the corresponding polyanilines even
at an Fe/aniline molar ratio of 1:500 (this ratio should
be 2.5 when the half-oxidized form of polyaniline, so-
called emeraldine form, is synthesized by stoichiometric
chemical polymerization). Sun et al."”* have observed
that the polymerization of aniline could also be induced
by hydrogen peroxide alone at temperatures above
60 °C. Hence they proposed that, in the Fe’*/H,0,
system, iron ions induce decomposition of H,O, into
HO? radicals, which indeed polymerize ANI. However,
there are still other possible mechanisms of this
reaction: (i) ANI might be polymerized with Fe’* ions
and the formed Fe** ions reoxidized by H,O, (Scheme
3), or (ii) both reaction modes can take part in the
overall reaction (vide infra).

To obtain a better insight into this reaction
system, we have examined activity of the FeCl,/H,0O,
and CuCl,/H,0, systems in the polymerization of
ANI, 2-methoxyaniline (OMA), and 2-chloroaniline
(CANI). We found that the FeCl,/H,O, system applied
in aqueous HCI (1 M) smoothly polymerizes all studied
monomers at room temperature as well as at 5 °C giving
high isolated polymer yields (70 - 90%) comparable to
those obtained by the stoichiometric process even at an
FeCl,/aniline molar ratio of 1 : 1 000. On the other hand,
the CuClL,/H,0, system, which also decomposes H,0,
to HO® radicals, as well as H,O, by itself, is practically
inactive at room temperature. This clearly indicates that
the presence of Fe’* species in the reaction mixture is
essential for the oxidative polymerization of aniline and
aniline derivatives, i.e., that Fe’* ions are key oxidants
in this process.

Although results of catalytic polymerization
experiments are very promising, quality of so prepared
polymers is lower than that of polyanilines prepared
by stoichiometric processes. Typical UV/vis spectra
of PANIs prepared using various oxidation systems
(Fig. 1) show that the FeCl,/H,O, system polymerizes
ANI and CANI to the emeraldine forms, which,
however, show lower intensity of the Q-band (band at ca
600 nm assigned to quinoid units)'®* compared to
that observed for PANIs prepared stoichiometrically.
Consistently, also conductivity of the polymers prepared
with the Fe’*/H,0, system reaches only 10% to 50%
(0 = 0.5 S/cm) of that observed for stoichiometrically
prepared polymers.*
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Figure 1. UV/vis spectra of: a) PANI, b) PCANI and ¢c) POMA
samples prepared by various procedures

Characteristics of catalytically prepared
poly(OMA) (POMA) are still worse: (i) the Q-band
is not developed in its UV/vis spectrum (Fig. 1c), and
(il) POMA does not become conductive upon doping
with HCI (o ~ 10" S/cm). Surprisingly, no principal
difference can be observed between both FTIR and
FT Raman spectra of POMA samples prepared by the
catalytic and stoichiometric procedures, respectively.
However, broadening of the signal of aromatic protons
in the 'HNMR spectrum of POMA prepared using the
FeCl,/H,0O, system indicates the presence of more than
three types of benzene rings and a broad signal at 3.7
ppm indicates the presence of free amino groups and
oxymethylene units in this polymer. These observations
can be explained by the partial oxidation of CH,
groups of the monomer molecules and transformation
of the oxidized monomer molecules into —O-CH,-O-
C¢H,- units incorporated in POMA chains. Such units
interrupt the main chain conjugation, which is consistent

with the deteriorated conductivity of this polymer. It
is quite probable that such units are formed through
oxidation of the methyl groups induced by hydroxyl
radicals formed as a side product in the reoxidation of
the main oxidant (see Scheme 5).

The above observations indicate that PANIs
prepared catalytically contain relatively high number
of structure defects deteriorating their functional
properties, and that the amount of these defects is
a function of the ring substituents of PANI chains.
Unsubstituted PANI and PCANI with electron-
withdrawing chlorine substituent contain substantially
lower number of structure defects compared to POMA
carrying electron-donating -OCH, substituents. Also
it is notable that POMA prepared by stoichiometric
polymerization with FeCl, exhibits the Q-band intensity
higher than POMA prepared with peroxodisulphate,
which is also well known initiator of radical reactions.
This fact supports the hypothesis that side reactions of
free HO" radicals are responsible for creation of defects
deteriorating functional properties of catalytically
prepared PANIs.

Valuable information can be drawn from the
found stoichiometry of the catalytic polymerization.
For ANI to be polymerized to the emeraldine form, 2.5
equivalents of the oxidant per one ANI equivalent are
needed.” The [H,0,]/[ANI] mole ratio equal to 1.25 was
found to be sufficient to accomplish total polymerization
of ANIs with FeCL,/H,0, system. It means that HO®
radicals formed as side product of the reoxidation of
Fe’* ions (see Scheme 1) really participate as oxidant
species in the overall polymerization process. The
above-stated observation that neither H,O, by itself
nor CuCl,/H,O, polymerize ANI at temperatures up
to 20 °C indicates that the presence FeCl, is essential
for starting the polymerization, i.e., it is essential for
the oxidation of anilinium ions (Scheme 3). Hence it
can be suggested that HO® radicals act as oxidant in
further steps of ANI polymerization, most probably
in the dehydrogenation of the intermediate formed
in the combination of two anilinium or anilinium and
polyanilinium cation-radicals (Scheme 6).

+= +
+ +
H

+ HO'l -H,0
+ +u

Scheme 6. Possible role of H,0, in the catalytic polymerization
of ANI with the system Fe**/H,0,.
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Another notable observation is that at temperatures
about 5 °C a stoichiometric polymerization with FeCl,
gives only about 3% yield of PANI (MW = 6 000) and
about 20% yield of POMA (MW = 8 000) within two
days, whereas the catalytic polymerization with FeCl,/
H,O, gives the yield about 80% for both polymers
(MW is 31 000 for PANI and 3 200 for POMA). This
suggests that, at lowered temperatures, the ability of
Fe* ions to eliminate ring-hydrogen from the last-
inbuilt monomeric unit is insufficient (Scheme 4). This
is most probably the reason of the low to negligible
polymerization activity of FeCl, observed at lowered
temperatures.™ It can be concluded that Fe** ions and
HO?* radicals actually form a synergic system, in which
iron ions are key component in the first stage and HO®
radicals in the second stage of the incorporation of an
ANI unit into a PANI chain.

4. Conclusions, Limitations and
Perspectives

There is no doubt that purity is one of the most
important factors for obtaining conjugated polymers
with desired functional properties. It is also clear that
a decrease in a contamination of crude, as synthesized
polymers is perhaps the most effective way toward high-
purity final materials. Results of recent investigations
summarized in this paper points to possibilities as well
as limitations of two advanced preparative approaches
to the synthesis of pure conjugated polymers, which
are based on transformations of (i) homogeneous
catalytic processes into heterogeneous ones, and (ii)
stoichiometric (chemical) processes into catalytic
ones.

Heterogeneous processes based on the transfor-
mations ad (i) provide polymers that are almost free
of catalyst residues and enable easy separation of the
catalyst from the polymer formed. On the other hand,
this method has limitations summarized below:

a) Itisapplicable for the synthesis of soluble polymers
only.

b) It requires a use of mesoporous supports for
anchoring the active catalyst to eliminate transport
limitations of bulky macromolecules inside pores.
Nevertheless, a diameter of the support pores
needs not be as high as the static diameters of
formed macromolecules because the reptation of
macromolecules participates in their release from
the pores.

¢) In some cases also a chemical modification of
inner pore walls is needed to make anchoring of
catalyst species possible. On the other hand, such
modification can be exploited as a method of tuning

the chemical surroundings of active species towards
their more effective function as well as increased
long-time stability.

d) The method cannot be used for a design of living
polymerization systems in which growing polymer
chains are solidly linked to active species.

e) Besides, this method is not favorable for the
preparation of highly stereoregular polymers, which
can undergo a rapid crystallization in restricted
volume elements inside pores.

Polymerizations with anchored catalysts can
be potentially applied not only for the synthesis of
high-purity polyacetylenes but also for syntheses of
other high-purity polymers, maybe for polymers with
applications in medicine and pharmacology, too.
However, such an application requires further detailed
study in which a fulfillment of pharmacological limits for
contaminants of various kinds needs to be examined.

Relatively low attention has been paid to the
catalytic oxidative polymerization of ANI despite that
this process is known for ca. fourteen years”. As a
result, the contemporary knowledge on this process is
rather poor. Although it is not mentioned in published
papers, PANIs prepared by catalytic processes exhibit
worse quality compared to polymers prepared by
stoichiometric reactions, mainly evidenced by the
lowered conductivity, lowered intensity of Q-band
in UV/vis spectra and increased content of structure
defects, at least according to our observations. It seems
clear that roots of these defects lie in side reactions of
the catalytic oxidation, the mechanism of which is yet
not well understood.

Our observations collected till now point to high
complexity of the catalytic reaction. It is obvious that
both kinds of oxidant species present in the reaction
mixture, Fe’* ions and HO® radicals, participate in the
overall mechanism, creating a synergic reaction system.
As to the roles of individual oxidants, Fe** ions are crucial
for starting the polymerization (oxidation of anilinium
ions) while HO® radicals seems to be highly active
mainly at the dehydrogenation of intermediates formed
in the combination of ion-radicals. Unfortunately, HO®
radicals most probably enter yet not well-recognized
side reactions leading to structure defects deteriorating
functional properties of PANIs. Better knowledge on the
fate of HO® and other radicals occurring in the reaction
system should open a way to a desired improvement of
properties of catalytically prepared PANISs.

Aswe have found, the content of structure defects
in catalytically prepared PANIs is a function of the
ring substituent; this content is low in unsubstituted
PANI and CPANI carrying electron-withdrawing Cl
substituent, whereas it is high in POMA with electron-
donating -OCH, substituents. Taking into account
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requirements for diverse applications of PANI, it
can be concluded that the quality of catalytically
prepared PANI is acceptable for its applications in
the fields of anticorrosion and perhaps also antistatic
coatings, whereas it is insufficient for more advanced
applications in the field of electronics. Nevertheless,
there is a space for improvement of the already known
catalytic polymerization procedures toward lowering the
undesirable reactions of radicals to an acceptable level
and/or introduction of new, low-cost catalytic systems
for oxidative polymerization of ANIs. Advances in these
fields might bring about a breakthrough in this area of
science of steadily increasing practical importance.
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Vsebina kratkega preglednega ¢lanka je bila tematika predavanja na 13. konferenci o materialih in tehnologijah
v Portorozu, 10.-12. oktobra 2005, in povzema dosezke nasih laboratorijev na podro¢ju raziskav in razvoja
sinteze konjugiranih polimerov visoke Cistote, predvsem poliacetilenov in polianilinov. V uvodu je podan pregled
pomembnejsih postopkov, ki se trenutno uporabljajo za sintezo konjugiranih polimerov. Poglavje o katalitski
verizni polimerizaciji v dvofaznih sistemih podaja jedrnato informacijo o sistemih tekoce-tekoce s poudarkom na
pripravi mezoporoznih katalizatorjev ter njihovi uporabi in u¢inkovitosti za sintezo poliacetilenov visoke Cistote. Za
katalitske sisteme, ki so bili pripravljeni z imobilizacijo topnih, katalitsko aktivnih kompleksov kovin prehoda na
mezoporoznih nosilcih, je bila raziskana katalitska u¢inkovitost, stereoselektivnost, ponovna uporaba in omejitve pri
transportu makromolekul. Za nosilce so bili uporabljeni polibenzimidazol, molekularna sita iz silicijevega dioksida
MCM 41, MCM 48 in SBA 15 in molekularna sita, pri katerih je bila notranjost por modificirana s spojinami
s kon¢nimi skupinami -NH,, —PPh, in -N(PPh,). Poglavje pretvorbe stehiometri¢nih polimerizacij v katalitske
procese obravnava predvsem polimerizacijo anilina in njegovih derivatov s katalitskim sistemom Fe**/H,0,.
Podana je primerjava lastnosti polianilinov, pripravljenih po katalitski in stehiometri¢ni polimerizaciji. Glede na
rezultate je razvidno, da so aktivne zvrsti v reakcijski meSanici ioni Fe** in radikali HO", ki v sinergiji sodelujejo
pri polimerizaciji. V zaklju¢nem delu je podan povzetek rezultatov naSih raziskav z nakazanimi prednostmi in
omejitvami sinteznih pristopov ter perspektive za njihovo uporabo in nadaljnji razvoj.
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We report on the catalytic polymerization of aniline (ANI) with FeCl3/H,0; system, which can consider-
ably lower contamination of neat polyanilines (PANIs) by side-products characteristic of stoichiometric
polymerization. However, catalytically prepared PANIs exhibit reduced conductivity related most prob-
ably to side reactions involving radicals generated as integral components of the FeCl;/H,0; system.
Catalytic polymerization of ANI with FeCl;/H,0, system was found to be the reaction of approximately
2nd order with respect to ANI and gives PANIs of a good quality only when [H,0,] in the reaction mixture
was kept low, i.e., at under-stoichiometric ratios [H, 0, ]/[ANI]. At over-stoichiometric ratio [H, O, ]/[ANI],
PANIs of lowered conductivity, worse spectroscopic characteristics and increased size of PANI nanos-
tructures were obtained; nevertheless, these PANIs were not over-oxidized to pernigraniline state. The
reaction-time profiles of the open-circuit potential of reaction mixtures exhibited an inflection related
to the H,0, depletion from the system. Total consumption of H,0, exceeded its consumption necessary
on ANI polymerization, which proves partial decomposition of H,0, by Fe ions. UV/vis and resonance
Raman spectra indicate incomplete deprotonization of PANIs prepared with FeCl;/H,0, system and sub-
sequently treated with aqueous ammonia, which proves partial self-doping of these PANIs. However, IR
and NMR spectra indicate rather low extent of self-doping. It has been proposed that self-doping of PANI
involves phenolic OH groups originated from side reactions involving radical species formed from H,0,.
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1. Introduction

Polyaniline (PANI) and ring-substituted PANIs are well-known
conducting functional polymers [1,2] that are routinely prepared by
the stoichiometric oxidative polymerization of aniline (ANI) and its
derivatives with ammonium peroxodisulfate (APS) [3,4]. This reac-
tion gives, in addition to PANI in the emeraldine salt (ES) state,
a high amount of ammonium hydrogensulfate (2.5 mol/1 mol of
reacted ANI) as byproduct [4-6]. Though this byproduct does not
deteriorate functional properties of PANI, its removal from neat
PANI represents about one half of the PANI cost [7]. Therefore, the
development of preparative processes that can reduce contamina-
tion of formed PANI with byproducts is of importance, since it can
potentially bring about considerable savings.

A replacement of APS with H,0,, which ideally gives water
as the side product, was found to be ineffective. H,0, did not
polymerize ANI at 0°C; it gave a very low PANI yield at room tem-
perature [8,9] and, at 60°C, the polymerization was fast but gave
PANI of very poor quality [10]. The ANI polymerization in a satu-

* Corresponding author. Tel.: +420 221 951 311; fax: +420 2 2491 9752.
E-mail address: Michal.Blaha@csop.cz (M. Bldha).
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rated NaCl solution gave PANI of acceptable quality but in a low
yield and, of course, contaminated with NaCl [11] (that polymer-
ization was started at 50°C and the reaction mixture was cooled
down to room temperature upon addition of H,O,). Catalytic pro-
cesses giving water as byproduct are more promising. Catalytic ANI
polymerization (partly reviewed in Ref. [12]) was accomplished
with catalytic systems such as Cu?*/0, [7,13], Fe3*/03 [7,14,15],
Fe3*/H,0, [9,10,16-21], Ru3*/H,0, [22], Cu(Il) scorpionate/H;0,
[23,24] and various peroxidase/H,0; systems [25-32]. From these
systems FeZ*(3*)/H,0, exhibits top efficiency. It polymerizes ANI
even at the Fe/ANI molar ratio below 1/500 (note that Fe3*/ANI
ratio of 2.5 is needed for an ideal ANI transformation to PANI ES
with stoichiometric polymerization with Fe3* jons).

Concerning the mechanism of PANI polymerization with
Fe3*/H,0, system, Sun et al. suggested that HO* radicals formed
by decomposition of H,O, with iron ions are real oxidants in
this polymerization [10,16]. However, there are at least two other
possible explanations: (i) real oxidants are Fe3* ions that are per-
manently restored by oxidation of Fe2* ions with H,0, or HO*
radicals, and (ii) both Fe3* ions and HO* radicals are active oxidants
(Scheme 1). Comparative study of the catalytic (with FeCl3/H;0,
and CuCl,/H,0,) and stoichiometric (with FeCl3 and H,0,) ANI
polymerization has shown that Fe3* ions and HO® radicals form
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Scheme 1. Scheme proposed for ANI polymerization with Fe3*/H,0; system.

a synergic system in which Fe3* ions most probably play a key
role in the oxidation of ANI molecules to radical-cations, whereas
HO* radicals significantly contribute mainly in later stage of an
ANI molecule incorporation into a PANI chain (Scheme 1) [9]. This
means that H,O, ideally acts as a two-electron oxidant in ANI
polymerization [9] (Scheme 1); therefore, the ideal stoichiomet-
ric molar ratio H,O,/ANI: r=1.25 provided that radicals HO* do not
undergo a side reaction.

PANIs prepared with Fe3*/H,0, exhibit not only lower conduc-
tivity but also lower UV/vis absorbance ratio Aq/Ag (for Q-band and
B-band see Section 3.3) compared to a standard PANI prepared with
APS [20]. Zhu et al. [20] attributed the lowered ratio Ag/Ap to an
over-oxidation of PANIs prepared with Fe3*/H,0,. In a more gen-
eral sense, a decrease in the ratio Aq/Ap indicates the presence of
some structure defects and/or proton self-doping of PANI [33-37].
Structure defects present in a catalytically prepared PANI should be
closely related to the catalytic polymerization process. Therefore,
we carried out a more detailed study on ANI polymerization with
the FeCl3/H,0, system in order to get an insight into the course of
this process and to get new information on the character and origin
of structural defects in so prepared PANIs. The results obtained are
reported in this paper.

2. Experimental
2.1. Chemicals

Aniline (p.a.), hydrogen peroxide (p.a., 30% aq.), hydrochloric
acid (37%) and lithium chloride were purchased from Lach Ner
(CzechRepublic). Aniline was purified by vacuum distillation before
a use. Concentration of H,O, was determined by manganomet-
ric titration. Iron(Ill) chloride hexahydrate (97%, A.C.S. reagent),
ammonium peroxodisulfate (APS), dimethylformamide (DMF),
triethylamine (TEA), N-methylpyrrolidinon (NMP) and dimethyl-
sulfoxide (DMSO) (all Sigma-Aldrich) were used as supplied.

2.2. Polymerizations

Reference sample: PANI(APS) was prepared by ANI polymer-
ization with APS using the standard procedure [6]. Catalytic
polymerizations of ANI were done in the following way: Mea-
sured volumes of ANI (2.30mL, 25mmol) and FeCl3(aq) (1M,
250 L, 0.25 mmol of FeCl3 ) were dissolved in HCl(aq) (2 M, 25 mL,
50 mmol of HCl), the solution was cooled to 0°C, diluted with cool
distilled water (10.06-22.28 mL) and kept under stirring at 0°C
for 30 min. Then a measured volume (0.165-12.38 mL) of aque-
ous H,0, (9.49M, i.e.,, 1.56-117.5 mmol of H,0,) was added to
begin polymerization. Total volume of the resulting polymeriza-
tion mixture was always 50 mL, [ANI]y=0.5M, [HCl]p=1M, and
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Fig. 1. Graphical data on the course of catalytic polymerization of ANI: (a) conver-
sion curves based on the degree of ANI conversion, aay;, and isolated yields of PANI,
Ypani, and oligomers of ANI, Y. (b) Fits of integral equations for reactions of the
reaction order from 1/2 to 3 to the above aan; conversion curve. (¢) Reaction-time
profiles of the temperature, T, pH and open circuit potential, Eqc, of polymerization
mixture. Reaction conditions: [ANI-HCl]o = 0.5 M; [HCl]o =0.5 M; [FeCl3]o = 0.005 M;
r=0.75.

[FeCl3]o =0.005M; [H,0,]p was varied from 0.03125M to 2.30 M,
which corresponds to the molar ratio H,0,/ANI=r, from 0.0625
to 4.6. The reaction mixture was allowed to react under monitor-
ing the open-circuit potential, Eqc, temperature, T, and pH of the
reaction mixture till the end of a drop in Eg¢ (see Section 3.1). Poly-
merizations at r=3.4 and 4.6 were done without monitoring the
above quantities and were stopped after 24 h. The formed PANI ES
was isolated by centrifugation, washed with 0.1 M HCI (3 x 50 mL),
water (2x 50mL), and acetone (50 mL), dried under a stream of air
in a hood and then in a desiccator above P,0s5. Collected filtrates
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Scheme 2. Stoichiometry of ANI polymerization (for both half-reactions see
Supporting Info).

from PANI ES isolation were evaporated to determine their gravi-
metric yield further dubbed as the yield of ANI oligomers, Yjig.
Emeraldine base (EB) of a PANI was gained by treating PANI ES
with sixfold stoichiometric excess of aqueous ammonia (0.2 M).
PANI EB samples were intensively washed with water and dried
as described above.

2.3. Measurements

Open-circuit potential, Egc, temperature, T, and pH of a reaction
mixture were measured using a PHM 220 (Radiometer Copen-
hagen) instrument connected to a data station, a Pt-wire working
electrode and a saturated calomel reference electrode for Egc, a
glass electrode for pH and a sensor T 201 (Radiometer Analyti-
cal) for T. Capillary Zone Electrophoresis (CZE) analyses were done
on a 3PCE/diode array detector (Agilent Technologies) instrument
using a bare fused silica capillary: 50 wm internal and 363 pum
external diameter, total length of 50.3 cm, inlet-to-detector dis-
tance of41.8 cm (Polymicro Technologies, Phoenix, USA)embedded
in a cartridge thermostated to 25°C, and the ChemStation soft-
ware. New capillary was conditioned by consecutive flushing with
water (5min), 0.1 M NaOH (10 min), water (5 min) and background
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Fig. 2. (a) Reaction-time profiles of the open circuit potential, Eqoc, for polymeriza-
tion mixtures of various starting stoichiometry r; (b) time of the inflection point,

tinf1, ON the reaction-time profile of Eqc as a function of r. T= 0.3 °C, others conditions
as in Fig. 1.
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Fig. 3. Isolated relative yield, Ypan; (@) and molecular-weight characteristics (b) of
PANI as a function of . M, is the weight-average and M,, the number-average molec-
ular weight of PANI (relative to PMMA standards), M, molecular weight pertaining
to the apex of SEC record and P dispersity of PANI. Reaction conditions same as in
Fig. 2.

electrolyte (25 mM LiOH and 50 mM formic acid; pH 3.5, 20 min).
Prior to each analysis, the capillary was rinsed with the running
background electrolyte for 4.5 min. Separation voltage of +25kV
and hydrodynamic injection of 30 mbar for 5s was applied in all
experiments. Imidazole was used as an internal standard to con-
trol reproducibility of the injected amount and the calibration curve
method was applied to determine the concentration of ANI in the
liquid phase of a reaction mixture. Gas chromatography analyses
were done on a Shimadzu GC-2010 instrument. SEM Micrographs
of PANIs were obtained on a Scanning Electron Microscope Zeiss
Supra35VP instrument. SEC analyses were done on a TSP (Thermo
Separation Product, Florida, USA) chromatograph equipped with
an RI and UV/vis detectors (310 nm) and mixed C column (Polymer
Laboratories, UK) using DMF with 0.5%,,,, of TEA (for PANI deproto-
nation) and 0.5%eign: Of LiCl (to prevent aggregation) as the eluent
(flow rate 0.7 mL/min). The column system was calibrated with
PMMA standards.

UV/vis spectra were recorded on a Shimadzu UV-2401 and HP
8452 instruments using PANI solutions (ca. 0.02 mg/mL) in NMP
with 0.5%,,, of TEA and quartz cuvettes. Spectra were normalized
to the absorbance at the isosbestic point (310 nm) [36-38]. Raman
spectra were recorded on a DXR Raman microscope (Thermo
Scientific) using excitation at 532, 633 and 780 nm (usual laser
power at the sample 0.1-0.2 mW) and undiluted samples, and on a
Dimension P1 XL Raman spectrometr (Lambda Solutions) using KBr
diluted samples and excitation at 785 nm (laser power 7 mW). FT
IR spectra were recorded on a Nicolet Magma IR 760 spectrometer
using the diffusion reflectance method and KBr diluted samples.
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Fig. 4. SEM images of PANIs prepared using different ratios r. For reaction conditions see Fig. 2.

TH NMR spectra were measured on a Bruker Avance III 600 MHz
spectrometer. Conductance of PANI ES samples was measured by
the four-point van der Pauw method on pellets 13 mm in diameter
compressed at 700 MPa with a manual hydraulic press (density of
pellets was 1.35 4+ 0.04 g cm~3) using a current source SMU Keithley
237 and a Multimeter Keithley 2010 voltmeter with a 2000 SCAN
10-channel scanner card.

3. Results and discussion
3.1. Course of polymerization

Conversion curves for the degree of ANI conversion, oy, yield
of PANI, Ypani, and yield of ANI oligomers, Yg, for the catalytic
polymerization carried out at r=0.75 (molar ratio H,0,/ANI) are
shown in Fig. 1a. The observed systematic inequality: Ypani < @ani
is owing to washing ANI oligomers out during isolation of PANI as
evidenced by the reaction-time dependence of Yy;g. The final (lim-
iting) value of apn; = 0.6 is in accord with the applied value r=0.75.
Correctness of limiting «an; values determined by CZE was verified
by the determination of the content of non-reacted ANI in super-
natants from isolation of PANI. A supernatant was neutralized with
NaHCOs3 to pH 8, ANI was extracted with chloroform, the extract

was dried with MgS0,4 and, upon filtration, CHCl;3 was evaporated
and the remaining liquid was azeotropically dried with ethanol. Iso-
lated red-brownish ANI was weighed and its purity (95-98%) was
checked by 'H NMR and GC analyses. A good agreement between
isolated amounts of ANI and limiting aay; values was found.

To obtain an insight into the kinetics of catalytic polymeriza-
tions, we examined fits of the apn; conversion curves with integral
equations for reactions of the half to third order of reaction with
respect to ANIL Best fits were obtained with equations for reac-
tions of the order from 3/2 to 5/2 (Fig. 1b). However, meanwhile
this is only interesting empirical knowledge that cannot be reliably

Table 1
Dependence of the conductivity, o, on r for ES forms of PANIs. Reaction conditions
same as in Fig. 2.

r o (Sem™1)
0.25 1.07
1.00 0.81
1.25 0.38
1.50 0.58
1.75 0.46
2.5 8.6 x 102
4.6 1.3x10°7




M. Bldha et al. / Synthetic Metals 161 (2011) 1217-1225 1221

jopoNoh oW

Leucoemeraldine base, LB, colorless

i
jegolopol

Emeraldine salt, ES, green
-2¢e +2e

o ””@NHQ 0,

Permgranlllne salt, PS, blue

-4 H*

NG
Hepelegel

quinoid unit, Q benzenoid unit, B
Emeraldine base, EB, blue
-2¢ +2¢e
-2 H+ +2 H*

Pernlgranlllne base, PB, violet

Scheme 3. Redox and protonization states of a regular PANI chain.

interpreted in terms of a plausible mechanism since polymeriza-
tions of ANI are strongly affected by continuous aggregation and
precipitation of both growing and dead PANI chains, which makes
any reliable kinetic analysis extremely difficult.

The reaction-time profiles of T, pH and Egc (open-circuit
potential) of the polymerization mixture with r=0.75 are shown
in Fig. 1c. As can be seen, temperature kept nearly constant during
the whole polymerization, most probably because it is relatively

400 600 pm 800

7 b
0 84". PANI oligomers (r = 4.6) in
SR . ——0.1 M NaOH

---- NMP with 0.5% TEA
<<

0.4
0.0 — : : e
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Fig. 5. (a) UV/vis spectra of PANI EBs as a function of the H, 0, /ANI ratio r; inset: the
B/Q band-intensity ratio, Ag/Aq, as a function of r. (b) UV/vis spectra of the fraction
of soluble and/or solubilized species obtained from the supernatant from isolation
of PANI(r=4.6).

slow. The reaction-time profile of pH (Fig. 1c) showed steady
decrease in pH during the polymerization and even for some time
also after ANI depletion, which can be due to slow establishing
of protolytic equilibrium in the resulting heterogeneous system
and/or contamination of electrode surfaces with PANI In the
experiment characterized in Fig. 1c, pH of the mixture decreased
from the initial value of 0.42 to value of 0.33 at tj,q (see next para-
graph) and to 0.29 at the end of monitoring. Respective activities of
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0.8 \
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Fig. 6. UV/vis spectra of PANI EB forms upon treatment with various stoichiometric
amounts of ascorbic acid: (a) r=2.5; (b) r=3.4.
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Fig. 7. Raman spectra of ES and EB forms of PANI(APS) measured using Aexc =532,
633 and 780 nm, respectively.

H30" ions are: 0.38 M, 0.48 M and 0.51 M. Considering the activity
coefficient of 1 M-HCl: y.=0.76 [39], respective concentrations
are: [H30+]0 =0.5M, [H3O+]inﬂ =0.63M and [H30+]oo =0.67 M.
Transformation of four anilinium ions into an ideal PANI ES tetrad
requires a release of two protons (Scheme 2). As the reaction
started with [ANI-HCl]p=0.5M and reached conversion of 60%,
theoretical increase in [H30%] is: A[H30"]ieor =0.15 mol/dm?3.
The found values A[H30%[ipq=0.13mol/dm3 (at tjn) and
A[H30%],=0.17mol/dm? (at the end of measurement) are
close to A[H30"]theor-

The reaction-time profiles of Eqc each showed an inflection at
nearly constant Egcjnf =515+ 5mV (vs. SCE) for rup to 1.75; Eocinfl
was slightly increasing for higher r (Fig. 23, inset). By contrast, the
reaction-time coordinate of the inflection point, tj,q, is a compli-
cated function of r (Fig. 2b). In order to recognize a rationale lying
behind the inflection, we carried out the polymerization (r=0.75),
at which one half of the reaction mixture that has reacted for 20 h
(i.e., before reaching the limiting oan;) was sampled and the rest
was allowed to react on to pass the inflection point and complete
the drop in Egc. The sampled mixture was immediately centrifuged
to remove PANI and so gained supernatant was heated up to 70°C.
Avigorous reaction giving a significant amount of grey-brown PANI
precipitate occurred. On the contrary, the supernatant gained from
the mixture that had passed t;,5 did not give PANI upon heating to
70°C though it contained enough of ANI (ca. 40% of supplied dose).
As H,0, by itself polymerizes ANI at T>60°C [10], these results
prove the presence of H,0, in the reaction mixture before t;,q and

the absence of H, 0, in the mixture that had passed inflection. Thus
the inflection on the reaction-time profile of Eqc should be related
to the total depletion of H,O, from polymerization mixture; the
inflection does not indicate depletion of ANI!

In the studied system, H,0, is consumed in part on ANI poly-
merization and in part on self-decomposition by the redox system
Fe3*/Fe?*. Relatively fast H,O, consumption on ANI polymeriza-
tion should predominate at low values r. At high values r> 1.8 ANI
is consumed earlier than H,0, and a surplus H,0, then under-
goes slower decomposition with the redox system Fe3*/Fe2*, as it
is indicated by a break at r= 1.8 at the tj,q vs. r dependence shown
in Fig. 2b. The fact that the break occurs at r exceeding the ideal
ratio r=1.25 indicates that a significant portion of supplied H,0,
decays non-productively during ANI polymerization at high values
of r. At moderate r values, both modes of H,0, decay are impor-
tant. Increase in r implicates that more ANI must be transformed
to PANI (due to improved stoichiometry of the system) and more
H,0, must be decomposed with the system Fe3*/FeZ* before the
inflection is achieved. However, also rates of both modes of the
H,0, decay should increase at increased [H, 0, ]o. This qualitatively
explains the observed concave course of the tj,q vs. r dependence
in the region of moderate values of r (Fig. 2b).

3.2. Molecular weight, morphology and conductivity of PANIs

Unimodal SEC records indicating unimodal distribution of
molecular weights were found for all isolated PANIs. The number-
average, My, and weight-average, My, molecular weights of PANIs
and MW value pertaining to the SEC peak apex, My, slightly
decreased while the molar-mass dispersity D = My, /My [40] slightly
increased with increasing r (Fig. 3b).

SEM images show granular morphology of catalytically pre-
pared PANIs (Fig. 4) and its dependence on the ratio r applied
in PANI synthesis. PANIs prepared at under-stoichiometric values
of r showed a cauliflower-like morphology typical of PANI(APS)
[41,42] and an increase in the size of nanostructures with increas-
ing r. PANIs prepared at a highly over-stoichiometric ratio r show
significantly agglomerated nanostructures of micron dimensions.
PANI chains start to grow in solution, and precipitate after they
become insoluble in the reaction mixture. Afterwards, new nuclei
can form in the presence of the oxidant not only in the solution but
also at the precipitated PANI chains. Thus the polymerization can
continue also at these newly formed “anchored” nuclei, which pro-
duces agglomerated nanostructure species. The observation that
the size of the agglomerates increases with increased r can be cor-
related to the higher number of the nuclei formed at precipitated
PANI chains.

Conductivity of PANI ESs prepared at low H,0,/ANI ratios to ca.
1.5is close to but smaller than 1S cm~! and rather steeply decreases
for r>2 (Table 1).

3.3. UV)vis spectra

A PANI base can acquire any oxidation state from a series of
discrete states with the increment corresponding to a single two-
electron redox process (Scheme 3). There are three notable regular
PANI bases: (i) totally reduced base, called leucoemeraldine base,
LB, (ii) regular, exactly half-oxidized base, named emeraldine base,
EB, and (iii) fully oxidized base, called pernigraniline base, PB
(Scheme 3). EB and PB can be easily protonized to give respective
salts: emeraldine salt, ES, and pernigraniline salt, PS; this protoniza-
tion is currently referred to as a proton doping as it transforms an
insulating EB into high-conductive ES.

Each PANI base shows a characteristic UV/vis absorption band
[3,43,44]. The band typical of LB occurs at 330nm, it is con-
tributed with the ™ — 7* transitions in benzene units; therefore,
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Fig. 8. Raman spectra of ES and EB forms of PANIs prepared with the Fe3*/H,0, catalyst system (r=0.50 and 3.4) measured using Aexc =532, 633 and 780 nm, respectively.

it is referred to as the B-band. The band typical of EB occurs at
ca. 630 nm, it is mainly contributed with exciton-like transitions
in quinoid diimino units [44] and hence it is currently called the
Q-band. As EB also comprises benzenoid units (Scheme 3), its spec-
trum contains both B-band and Q-band. The band typical of PB
occurs at ca. 535 nm; it is also attributed to quinoid units and spec-
trum of PB also contains the B-band.

A real PANI base is mostly irregular as its chains usually include
tetrads of two types (EB and LB or PB). If EB is stepwise oxidized
to PB, the Q-band position gradually shifts to blue region (toward
535 nm) and, simultaneously, its intensity decreases. Origin of this
shift and intensity decrease is ascribed to the Peierls gap effect
[36,37,44]. Reduction of PANI EB to LB also decreases the Q-band
intensity but, by contrast, the Q-band position is preserved. The
absorbance ratio of the B- and Q-bands, Ag/Aq, is regarded as a mea-
sure of the oxidation state of given PANI sample; Ag/Aq=1.2-1.4
for a close-to-regular PANI EB [44].

UV/vis spectra of deprotonized PANIs prepared with the
FeCl3/H,0, system using various ratios r are shown in Fig. 5a.
The absorbance ratio Ag/Aq =1.45-1.50 found for PANIs (r=0.063
and 0.125) is close to the value of 1.39 found for PANI(APS) EB,
which indicates well near structure of all these PANIs. However,
the Ag/Aq ratio is increasing function of r (Fig. 5a, inset) which sug-
gests increasing difference in the structure and/or oxidation-state
between PANI(APS) and catalytically prepared PANIs. Insufficient
oxidation of PANI (mixed LB and EB states) can be excluded since the
difference increases with increasing r. Just opposite, over-oxidation
of PANI toward PB form comes into consideration. In order to exam-
ine this possibility we did stepwise reduction of PANIs (r=2.5 and
3.4)with ascorbicacid. No increase in the Q-band intensity has been

observed, as it should be expected for an over-oxidized PANI upon
treatment with reducing agent. By contrast, gradual decrease in Aq
and increase in Ag occurred (Fig. 6), which indicates reduction of EB
sequences contained in PANIs to the LB ones. Thus the difference
in the Ag/Aq ratio between PANI(APS) and catalytically prepared
PANIs should be ascribed to some structure defects present in the
latter ones. In addition, these results indicate that neither high stoi-
chiometric excess H, O, cause an over-oxidation of PANI EB toward
PB form.

Optical spectra of PANI EBs (r=3.4 and 4.6) show suppression of
Q-band to a shoulder, an increase in the absorption in the region
from 400 to 500 nm and blue-broadening of the B-band indicating
emergence of a new band at 270 nm (Fig. 5a). Similar features were
observed in the spectra of self-doped PANIs: binary copolymers of
2-methoxyaniline or aniline and various anilinic acids [33-35,45].
This of course suggests partial self-doping of catalytically prepared
PANIs. Therefore, we examined solubility of PANI(r=4.6) and its
oligomeric fraction in aqueous NaOH (0.2 M) in which a weak-acid
type polyelectrolyte [46] should be soluble. The PANI was insoluble
but its low-MW fraction was soluble in aqueous NaOH. Spectrum
of this fraction taken from NaOH solution (Fig. 5b) is similar to
the spectra taken from DMSO and NMP, and to the spectrum of
its parent PANIL. It can be concluded that this fraction behaves like
a polyacid and that this behavior support others indirect evidences
on the presence of acidic groups in catalytic PANIs (Fig. 5a).

It should be noted here that the fractions obtained from super-
natants upon PANI isolation, which are referred to as oligomers,
became insoluble in water upon drying. Thus it they are most prob-
ably composed of solubilized low-MW PANI molecules rather than
true oligomers (see also end of next section).
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3.4. Raman, IR and NMR spectra

Raman spectra of PANIs (for extended survey of the spectra see
Supporting Information, Figs. S1a-f and S2) have been measured
on undiluted PANI samples using excitations (Aexc) at 532, 633
and 780 nm and a very low energy power at the sample (typically
0.1 or 0.2mW) to prevent a sample carbonization. Each excita-
tion wavelength covers different parts of the optical spectrum of
PANIs: Aexc =532 nm touches the Q-band and the band typical of
self-doped PANIs (450-500 nm) [33-35,47]; Aexc = 633 nm matches
the Q-band of PANI EB and Aexc = 780 nm the polaronic band of PANI
ES [48]. This enables to exploit the resonance Raman effect (selec-
tive enhancement of vibrational bands pertaining to groups that
show optical absorption around Aexc) and the Raman dispersion
effect (small shift of a spectral band position as the excitation light
wavelength is varied that is observed for stretching modes of bonds
constituting a m-conjugated system [49-51]) in identification of
structural features of PANIs. Notation of vibrational modes used in
this section is: v - stretching, § - in plane, y - out of plane and 7 -
torsion; B stands for B-rings and Q for Q-rings.

Raman spectra of ES and EB forms of PANI(APS) are shown in
Fig. 7 and the spectra of PANI(r=0.5) and PANI(r=3.4) in Fig. 8.
Bands characteristic for PANI ES occur at 1330-1345cm~! and
1380-1400cm~! (v_ype+ in polarons and bipolarons, respec-
tively [52]); 1505-1510cm~! (vc_y, typical of ES [52]), 805 cm™!
(8B-ring and yc_y [53]; broad band showing Raman dispersion of
0.05cm~! per 1 nm)and 516 cm™~! (tc_n_c and yc_y [54]). The band
at 575cm™!, which is often ascribed to an uncertain phenazine-
type structure [52] should be most probably also assigned to a
deformation mode in ES, since changes in its intensity are roughly
harmonized with the intensities of bands at 1330 and 1505cm™".
The 8c_y band occurs just below 1170 cm~! for PANI ES while just
above 1160 cm~! for PANI EB [55]. The band most characteristic of
PANI EB occurs at 1464 cm~! (ve—y in Q [52]) and it shows Raman
dispersion ca. 0.1 cm~! per 1nm); others bands of EB appear at:
1415-1420: (vc_c in EB [56]), 1220 cm~! (vc_y in EB[56]), 750, 780
and 840 cm~! (various deformation modes), 525 cm~! (tc_n_c and
ye-n) [53,55,56] and 415 cm™! (tc_n-c and yc_n wagging) [54].

Raman spectra of PANI(APS) and PANI(r=0.5) bases are almost
the same. However, the spectra of PANI(r=3.4) (and others
PANI(r > 1.25) EBs, see Supporting Info) contain almost all bands
characteristic of the ES form. Even more, these ES bands pre-
dominate in the spectrum of PANI(r=3.4) EB that was taken with
lexc =780 nm, due to high enhancement of the signal of protonized
units by the resonance Raman effect; note that the main band of
EBs (at ca. 1470cm1) is almost buried in this spectrum. Oppo-
site impact of the resonance Raman effect is seen in the spectrum
of PANI(r=3.4) EB taken with Aexc =633 nm (maximum of the Q-
band), in which the bands typical of EBs unambiguously dominate
(Fig. 8). Both the above resonance effects are attenuated in the spec-
trum taken with Aexc =532 nm, which contains all bands of both EB
and ES forms but rather poorly resolved.

In summary, the Raman spectra (same as UV/vis spectra) prove
that PANI EBs obtained by treatment of as-prepared PANI ES
(r>1.25) samples with aqueous ammonia are not fully depro-
tonized and show feature typical of self-doped PANIs [57,58].

IR spectra of EB and ES forms of PANI(APS) and selected catalyti-
cally prepared PANIs are shown in Fig. 9. Unlike Raman spectra, the
IR spectra of all PANIs are much more similar to each other. Spectra
of PANI ESs are almost identical and so they do not provide addi-
tional information on the structure of PANIs. Some small differences
are seen only in the spectra of PANI EBs. An increase in r is reflected
in the IR spectra of EBs by a decrease in the intensity of the bands
at: 1380 and 1340 cm~! (ve—y in Q [3,59]), 1216 cm~! (ve_n +8c-n
in Q [3,59]), 1167 cm™! (8c_y in Q [3,60]), 1108 cm~! (84 [3,60]),
956 cm~! (probably yq),and 852 cm~! (yc_u, Q[3,59-61]). All these
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Fig. 9. IR spectra of EB and ES forms of PANI(APS) and PANIs prepared with
the Fe3*/H,0, system using various stoichiometry r (for full range spectra see
Supporting Info).

changes indicate a decrease in the content of non-protonized Q
units if r increases. However, none of bands typical for PANI ES is
clearly resolved in IR spectra of PANI bases. This indicates that the
content of structure defects in catalytically prepared PANIs is not
too high though it is important for the properties and some char-
acteristics of these PANIs, such as for their conductivity and UV/vis
and Raman spectra.

In order to reveal nature of defects in catalytically prepared
PANIs we have also measured NMR spectra of oligomers (i.e.,
of the fraction of soluble/solubilized species obtained from the
supernatant upon isolation) of PANI(r=4.6) supposing that the
concentration of defect can be high in molecules of this fraction.
However, the NMR spectrum provided only signals typical of PANI
without reliable evidences for the presence of others structures
(see Fig. S5, Supporting Info). Thus this measurement only provided
additional evidence that the concentration of defects in catalytically
prepared PANISs is rather low.

4. Conclusions

The data obtained on the course of catalytic polymerization of
ANI with FeCl3/H, 0, system indicate that this reaction is disturbed
by the side reaction that consumes H,O,, whose intensity increases
with increasing H, 0, /ANI ratio. UV/vis spectra, together with the
data on conductivity of prepared PANIs show that this side reaction
lowers the quality of the resulting PANIL UV/vis spectra also indicate
self-doping of PANIs. Resonance Raman spectra prove the presence
of protonized units in formally deprotonized PANIs (treated with
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aqueous ammonia), which is the feature typical of self-doped PANIs
[57,58].In addition, Raman spectra prove an increase in the content
of protonized units with increasing ratio H, O, /ANI applied in PANI
synthesis. By contrast, IR and NMR spectra provide only feeble or no
evidence proving structural differences in the samples prepared at
different H,O,/ANIratios, which points to rather low concentration
of structure defects (self-doped ANI units) in catalytically prepared
PANIs.

Considering the generic structure and partial self-doping of
catalytically prepared PANIs, and the chemistry related to Fen-
ton (FeCl3/H;0,) system [62,63], we may speculate that the acidic
groups responsible for self-doping are phenolic groups. Phenolic
groups can be formed by reactions induced with HO® and/or HOO*®
radicals that are integral components of the Fenton system. Forma-
tion of trimers of 4-chloroanilinine comprising up to four phenolic
groups induced with photo-generated HO® has been described in
literature [64]. Several reaction paths to phenolic ANI units can be
drawn; however, a reliable elucidation of them requires new large
experimental material, and it is far beyond the scope of this paper.
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Raman spectra at 785 nm measured using Aexc = 785 nm (7 mW at the sample) and KBr
diluted solid samples to prevent carbonization. The spectra measured with A = 785 nm and
780 nm are similar to each other, however, the former ones are less resolved and contain
(mainly in spectra of salts), though poorly resolved, bands at 1375 and 1584 cm™ that might
be assigned to structures present in carbonized PANIs (ref. M. Trchova, P. Mat¢jka, J.
Brodinova, A. Kalednova, J. Prokes, J. Stejskal, Polym. Degrad. Stabil. 91 (2006) 114-121).
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Fig. S5. 'H (a) and HSQC (b) NMR spectra of oligomeric fraction resulting from

polymerization with high over-stoichiometric H,O,-to-ANI ratio (r = 4.6).

'H NMR (400 MHz) and 3C NMR (100 MHz) in d®-DMSO with 15 molar % of triethylamine
spectroscopy were done using Varian "N 'INOVA and Bruker Avance I1I 600 MHz. Spectra
were referenced to the solvent signal, 2.50 ppm for 'H NMR and 39.51 ppm for °C NMR.
HSQC and HMBC were performed as gradient experiments in same solvent. All 2D
experiments were recorded with spectral windows 5 000 Hz for 'H and 25 000 Hz for "*C.
Character of "H NMR spectra, in spectral region 6 — 8 ppm (see Figure S5a), also showed
PANI character of this chemical moiety comparable to spectra of “as-synthesized” copolymer
of 2-methoxyaniline with 3-aminobenzenesulfonic acid literature (I. Mav, M. Zigon, Polym.
Bull. 45 (2000) 61-68.). In *C NMR we observed sharp signals (100 MHz, d®-DMSO with 15
(mol.) % of triethylamine, 6, ppm: 114.0, 115.5, 119.4, 128.8, 135.7, 136.2, 165.2, 167.3,
167.5, 168.9, 169.7, 172.6 and 174.3). According to HSQC spectrum (Figure S5b) we can
assign carbons in spectral area 113 - 137 ppm to C-H groups in polymer main chain. Signals
in the spectral region 165 — 175 ppm could be ascribed to the quaternary carbons belonging to

either C-N groups in the polymer main chain or maybe to C-OH groups pendant on the



polymer main chain or maybe to C-O-C groups in polymer main chain. Unfortunately, it is
not possible to prove a presence of self-doping groups attached to the polymer main chain due

to the complexity of HMBC spectrum, which didn’t allow detailed assignment.
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Fig. S6. Raman spectra of EB form (gained by treatment of ES form with sixfold stoichiometric
excess of 0.2 M aqueous ammonia) of PANI oligomers prepared with the Fe*"/H,0, catalyst system at
r = 4.6; measured at 532, 633 and 780 nm excitation wavelength.
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The effect of the reaction conditions - feed monomer ratio, oxidant/monomers ratio, reaction time,
reaction temperature, T, and HCl concentration - on the structure, conductivity and spectra of partly
self-doped copolymers of 2-methoxyaniline (OMA) with the anilinic acids (ANIA) 2- and 3-aminobenzoic
and the 2- and 3-aminobenzenesulfonic acids was studied using ICP-AES/elemental analysis, size exclu-
sion chromatography, NMR, FT-IR, UV-vis and impedance spectroscopy. The molar fraction of the OMA
units, F1, in a PCOMA/ANIA) copolymer always exceeded the OMA fraction, f1, in the feed monomer mix-
ture since the OMA is much more reactive than any ANIA due to the electron-donating effect of the
methoxy group. Increasing f; consistently increased the yield and the molecular weight (MW) of the
P(OMA/ANIA), and with an under-stoichiometric amount of oxidant or a shortened reaction time this
favored the incorporation of the OMA into the copolymer chains. Increasing the acidity of the reaction
mixture increased the yield, MW and F; of the P(OMA/ANIA)s, while increasing T gave just the oppo-
site effects. The unusual decrease in the yield (reaction rate) with an increase in the T was related to
the increased population of low-reactivity ANIA units at the growing-chain-end positions. The electrical
conductivity, o, of the P(COMA/ANIA)s lies in the region typical for semiconductors (0.05-2.5 mS/cm) and
is roughly an exponential growth function of F; that differs significantly for PCOMA/ANIA)s with sulfonic
and carboxylic groups. In contrast, a conjoint correlation for all PCOMA/ANIA)s was found between o
and the relative intensity of the UV/vis Q-band. The decrease in o with the increasing fraction of ANIA
units in the PCOMA/ANIA) is in accord with the electrostatic binding of positive polarons and bipolarons
(electronic charge carries) with immobilized counter-anions.
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1. Introduction

Polyaniline (PANI) is an environmentally stable conducting
functional polymer [1,2] with excellent electric, magnetic, and
optical properties that has attracted considerable attention because
of its high application potential. The oxidation state and the proton
doping level (Scheme 1) are key factors affecting the electrical con-
ductivity, o, and other functional properties that are important for
the practical applications of PANI [3-5]. The unsubstituted PANI is
insoluble or sparingly soluble in almost all solvents and neither can
it be processed thermally. Therefore, there is a widespread inter-
est in the development of a more easily processable substituted
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0379-6779/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
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PANI based on substituents attached to the main chains, which are
known to decrease the conductivity of the PANI [6].

One of the most commonly prepared substituted PANIs is poly-
mer of 2-methoxyaniline (OMA) since this monomer is more
reactive than aniline in oxidative polymerization and its homopoly-
mer shows good solubility in organic solvents and a good electrical
conductivity [7-14]. Besides OMA, anilines carrying acidic side
groups are of particular interest as these groups can also act as
internal proton-doping agents; therefore, PANIs of this class are
called self-doped PANIs. The emeraldine salt (ES) form (Scheme 1)
of a self-doped PANI is usually doped internally by the acidic side
groups linked to PANI chains, as well as externally by an added
acid (mostly the one used in the preparation of the PANI). The
electrical conductivity, o, of a self-doped PANI-ES is lower than
that of externally doped PANIs; however, it does not drop so dra-
matically with an increase in the pH, as is typical of externally
doped PANIs. A drop in o from ~10° to ~10-19S/cm is usually
observed for PANI with the ES to emeraldine base (EB) transfor-
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Scheme 1. Distinctive redox and protonic states of a regular PANI chain.

mation, while, for example, the o of PANI sulfonated to 50% is
independent of the external protonation carried out at pH values
from 1 to 7 [6,15-18] and PANI sulfonated to approximately 75%
shows an almost constant conductivity over the entire pH range of
1-14 [19,20]. The internal proton-doping by acidic groups linked
to PANI chains is responsible for this property, which represents
a key advantage of self-doped PANIs that opens the way to novel
applications for which the leaching of a corrosion-promoting acid
is not allowed.

A self-doped PANI can be prepared by a post-polymerization
modification of PANI, such as by its sulfonation [6,19-24], or
by the homopolymerization of an anilinic acid (ANIA), or the
copolymerization of an ANIA with aniline (ANI) or a substi-
tuted ANI without an acidic group [25,26]. Unfortunately, the

homopolymerization of ANIAs almost never gives a polymer, but
only oligomers, owing to the electron-withdrawing effect of the
acidic groups [27,28]. A few strategies have been examined to
overcome this obstacle. Shimizu et al. used an ANI monomer car-
rying both the electron-withdrawing and the electron-donating
group, 2-methoxyaniline-5-sulfonic acid, which homopolymerized
easily [29]. In contrast, Prevost et al. tried to homopolymerize
ANIAs with acidic groups linked to benzene rings through an
alkoxy spacer, 3-(2-aminophenoxy)propane-1-sulfonic and 4-(2-
aminophenoxy )butane-4-sulfonic acids; however, without success
[30]. So far the most effective preparative pathway to self-doped
PANIs is the copolymerization of a commercially available ANIA
with aniline (ANI) [27,28,31-41] or its derivative, such as alkyl- or
alkoxy-aniline [42-49] or both [50].

OCH,4 OCHj
H
H4CO, R P
HaN + HN —-I-(NH4)8208 ’Q/
HCI (aq)
OMA R: 0OA SOz;H R: P(OMA/OA) SO;5
2AA COOH P(OMA/2AA) COO-
OCHg OCH;
HCO, R /H
S,0
HZN + HQN M t+ o+
HCI (aq)
OMA R:MA SO;H R: P(OMA/MA) so3' -
3AA COOH

P(OMA/3AA) COO°

Scheme 2. Studied copolymerizations of OMA and ANIAs; statistical order of monomeric units along copolymer chains is anticipated.
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Rao and Sathyanarayana [42] reported an inverse emulsion
copolymerization of 3-aminobenzenesulfonic acid (MA) with 2-
and 3-methylaniline, giving copolymers that were more conduct-
ing than the homopolymers of methylanilines. They also prepared
soluble conducting terpolymers of ANI, toluidines and ANIAs - 2-
aminobenzoicacid (2AA) or MA - which exhibited a thermostability
thatis greater than PANIL. Lee et al. [34] prepared copolymers of ANI
and 2-aminobenzenesulfonic acid (OA) that showed a high degree
of crystallinity, a morphology ranging from nanospheres via nan-
otubes to coral-reef like structures, and a o from approximately
1 uS/cm to 1 mS/cm. Mav et al. [44-46] copolymerized OMA and
various ANIAs with a peroxodisulfate oxidant and exploited the
NMR monitoring of the depletion of monomers from the reaction
mixture to determine the reactivity ratios of OMA and ANIAs (OA,
MA, 2AA and 3AA) (3AA stands for 3-aminobenzoic acid) [47,48].
The reactivity ratios of the ANIAs were found to be about two-to-
three orders of magnitude lower than that of OMA.

In the present paper we also report on the chemical copoly-
merizations of OMA with OA, MA, 2AA and 3AA; however, the
reactivity of the monomers is evaluated here on the basis of
the composition of the corresponding copolymers — P(OMA/OA),
P(OMA/MA), P(OMA/2AA) and P(OMA/3AA) (Scheme 2) - and on
the effect of the reaction conditions (OMA/ANIA monomer ratio,
oxidant/monomers ratio, concentration of HCl, reaction tempera-
ture, reaction time) on the copolymer yield, the molecular weight,
the composition, the structure, the electrical conductivity and the
spectroscopic characteristics.

2. Experimental
2.1. Synthesis of copolymers, variation of the reaction conditions

All the chemicals were of AR grade and used as supplied.
The copolymerizations of the OMA (2-methoxyaniline, Aldrich)
with the OA (2-aminobenzenesulfonic acid, Fluka), the MA (3-
aminobenzenesulfonic acid, Aldrich), the 2AA (2-aminobenzoic
acid, Fluka), and the 3AA (3-aminobenzoic acid, Fluka) were carried
out in aqueous hydrochloric acid (HCl, Merck) using ammonium
peroxodisulfate ((NH4);S,0g, Fluka) as an oxidant. A weighed
amount of the oxidant was dissolved in aqueous HCl (1 mol/l,
100 ml) and the solution formed was added to a stirred aqueous
HCl solution (700 ml) of the OMA and the particular ANIA monomer
(0.1 mol in total) of a chosen composition (Tables 1 and 2). The
resulting reaction mixture was allowed to react under stirring for
2-20h (Tables 1 and 2). After an induction period (10-15 min)
the light-orange starting mixture turned dark-red to purple and
a precipitate started to form. After a certain time the polymer pre-
cipitate was filtered off, extensively washed, first with aqueous
HCI (1 mol/l, 11 in total) and then with methanol (up to 250 ml
in total), until the filtrate obtained was colorless, to remove all
the unreacted monomers and oligomers. The purified dark-green
(color typical of ES) polymer was dried in a vacuum oven at 40°C
for 48 h.

The reference reaction conditions were set as follows: total con-
centration of monomers, 0.1 mol/l; molar fraction of OMA in feed
monomer mixture, f; =0.5; oxidant/monomer(s) ratio, ox/mon=1;
aqueous HCI (1 mol/l); reaction temperature, T=20°C; and poly-
merization time, 20h. When studying the effect of particular
reaction conditions, all the other conditions were kept at the
reference values. The value of f; was varied from f; =0 (homopoly-
merization of particular ANIA) to f; =1 (homopolymerization of
OMA) in six steps (Table 2). The other parameters were examined
using only two additional values: ox/mon=0.25 and 2; [HCl]=0.5
and 1.5mol/l; reaction temperature T=10°C and 30°C and the
polymerization time t=2 and 5 h.

Table 1

Comparison of characteristics of ANI/ANIA and OMA/ANIA copolymers and PANI,
POMA, P2AA homopolymers; Y is isolated polymer yield, M,, weight-average
molecular weight, D =M,, /M, dispersity and o electric conductivity. All polymers
were prepared under reference reaction conditions: ox/mon=1, T=20°C, t;=20h,
[HCI] = 1 mol/dm?; for copolymers: f; =0.5.

Polymer Y My D o

% g/mol mS/cm
PANI 93 31800 32 67
P(ANI/OA) 54 12000 2.8 6.5
P(ANI/MA) 48 8600 2.1 8.5
P(ANI/2AA) 59 6600 4.0 24
P(ANI/3AA) 55 3700 2.0 44
POMA 84 6250 2.3 2.5
P(OMA/OA) 33 4100 1.7 0.18
P(OMA/MA) 30 3600 1.6 0.22
P(OMA/2AA) 53 2350 1.8 0.22
P(OMA/3AA) 50 2150 1.7 0.15
P2AA 2 1450 14 0.05

2.2. Preparation of the emeraldine and leucoemeraldine bases

PANI EB was prepared by deprotonization of the corresponding
as-prepared PANI ES by treating it with aqueous ammonia (1 mol/I)
for 20 h. The formed PANI EB was filtered and then dried under
vacuum at 40 °C. PANI LB was prepared by reduction of the corre-
sponding PANI ES (1 g) with hydrazine hydrate (20 g) under argon.
PANI ES was dispersed in hydrazine hydrate in an ultrasound bath
(for 15min) and the resulting suspension was stirred under argon
for 20 h. Next, the volatile components of the suspension were
evaporated in a vacuum rotary evaporator at 40°C, and the PANI
LB was washed with acetone under argon, dried under vacuum at
room temperature and stored under argon prior to measurements.

2.3. Measurements

Size-exclusion chromatography (SEC) was used to determine
the apparent (with respect to polyvinylpyridine, PVP, standards)
weight-average, Myy, and number-average, M, molecular weights
and the dispersity [51], P=Mw/M;, of the polymers prepared
(Tables 1 and 2). The measurements were made on a modu-
lar chromatograph composed of a Waters 510 pump and a UV
diode-array detector (Perkin Elmer LC 235) using two p.-Styragel
(Waters Associates) columns with a nominal pore size of 104 A
and 103 A covering the molecular-weight ranges 5000-600,000
and 200-30,000, respectively, and N,N-dimethylacetamide (DMA,
Aldrich) with added LiCl (Kemika Zagreb, 0.5%, w/w) as a mobile
phase (flow rate 1 ml/min). The system was calibrated with PVP
standards (2900-240,000, Polymer Laboratories, Ltd.). The SEC
records were taken at a wavelength of 320 nm for the PANIs and
270nm for the PVP. An analyzed solution was prepared by dis-
solving the as-prepared copolymer sample (1 mg) in the mobile
phase (4 ml) (mixing for 20 h was applied) and filtering the solution
through a 0.2-pm Teflon filter. The injection volume was 10 p.l.

The FTIR spectra of the PANIs were recorded on a Perkin-
Elmer FTIR 1725X spectrometer using KBr-diluted samples pressed
into pellets; 5 scans and resolution of 8cm~! were used. The
UV/vis absorption spectra of the polymer solutions (0.02%) were
recorded on a Hewlett Packard 8452 diode-array instrument using
quartz cuvettes with an optical path of 0.2cm. A mixture of 1-
methylpyrrolidin-2-one (NMP) and triethylamine (TEA) (0.5%) was
used as the solvent in which PANIs are in the EB state, while DMSO
was used as a solvent in which the ES forms of PANIs are preserved
[46]. The spectra were measured using as-prepared samples and
so their oxidation state corresponds to that one resulting from the
synthesis procedure.
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Table 2

Characteristics of PCOMA/ANIA)s prepared under various conditions; f; is the feed molar fraction of OMA; ox/mon molar ration oxidant-to-monomer(s), t; reaction time; T
reaction temperature; Y isolated yield; S/N molar ratio of sulfur and nitrogen atoms in the copolymer; F; mole fraction of OMA units in the copolymer as obtained by the
ICP-AES and NMR analyses; M,, weight-average molecular weight; b = M,,/M, dispersity and o electrical conductivity.

Sample Polymerization conditions Composition and charactersitics
fi o tr T [HCI] Y S/N F F M, 1) o
h °C mol/dm? % ICP-AES NMR mS/cm
(a) P(OMA/OA)
POA 0 1 20 20 1 0 - - - - - -
P(OMA/OA)-1 0.20 1 20 20 1 6 0.53 0.47 0.50 3400 1.7 0.077
P(OMA/OA)-2 0.33 1 20 20 1 24 0.36 0.64 0.65 3850 1.7 0.076
P(OMA/OA)-3" 0.5 1 20 20 1 33 0.28 0.72 0.71 4100 1.7 0.18
P(OMA/OA)-4 0.66 1 20 20 1 40 0.19 0.81 0.80 4200 1.9 0.60
P(OMA/OA)-5 0.8 1 20 20 1 53 0.11 0.89 0.90 5200 2.1 2.00
POMA 1.0 1 20 20 1 84 <0.006 >0.994 1 6250 23 2.5
P(OMA/OA)-6 0.5 0.25 20 20 1 14 0.15 0.85 0.85 5750 2.8 0.71
P(OMA/OA)-7 0.5 2 20 20 1 30 0.29 0.71 0.70 4050 1.6 0.16
P(OMA/OA)-8 0.5 1 20 10 1 45 0.17 0.83 0.81 4300 1.7 0.61
P(OMA/OA)-9 0.5 1 20 30 1 19 0.29 0.71 0.73 2750 1.6 0.15
P(OMA/OA)-10 0.5 1 2 20 1 21 0.25 0.75 0.76 2350 1.6 0.11
P(OMA/OA)-11 0.5 1 5 20 1 25 0.26 0.74 0.74 3550 1.6 0.18
P(OMA/OA)-12 0.5 1 20 20 0.5 18 0.30 0.70 0.69 4000 1.7 0.18
P(OMA/OA)-13 0.5 1 20 20 1.5 38 0.22 0.78 0.77 4050 1.7 0.31
Sample Polymerization conditions Composition and charactersitics
fi =% tr T [HC1] Y S/N F Fi My b o
h °C mol/dm3 % ICP-AES NMR mS/cm
(b) P(OMA/MA)
PMA 0 1 20 20 1 0 - N - - - -
P(OMA/MA)-1 0.20 1 20 20 1 3 0.32 0.68 0.67 2450 2.0 0.084
P(OMA/MA)-2 0.33 1 20 20 1 15 0.27 0.73 0.77 3500 1.5 0.15
P(OMA/MA)-3 0.5 1 20 20 1 30 0.20 0.80 0.80 3600 1.6 0.22
P(OMA/MA)-4 0.66 1 20 20 1 36 0.12 0.88 0.87 4000 1.8 0.72
P(OMA/MA)-5 0.8 1 20 20 1 39 0.06 0.94 0.92 4100 1.7 25
POMA 1.0 1 20 20 1 84 <0.006 >0.994 1 6250 2.3 25
P(OMA/MA)-6 0.5 0.25 20 20 1 12 0.11 0.89 0.88 3800 1.5 1.1
P(OMA/MA)-7 0.5 2 20 20 1 29 0.32 0.68 0.65 3450 1.6 0.10
P(OMA/MA)-8 0.5 1 20 10 1 44 0.10 0.90 091 3650 1.6 0.33
P(OMA/MA)-9 0.5 1 20 30 1 25 0.23 0.77 0.76 3000 1.7 0.11
P(OMA/MA)-10 0.5 1 2 20 1 20 0.19 0.81 0.85 2150 1.6 0.20
P(OMA/MA)-11 0.5 1 5 20 1 24 0.21 0.79 0.76 3600 1.7 0.23
P(OMA/MA)-12 0.5 1 20 20 0.5 20 0.23 0.77 0.76 3500 1.5 0.20
P(OMA/MA)-13 0.5 1 20 20 1.5 37 0.13 0.87 0.87 4000 1.6 0.39
Sample Polymerization conditions Composition and charactersitics
fi = [ T [HCT] Yield Fi My b o
h °C mol/dm3 % NMR mS/cm
(c) P(OMA/2AA)
P2AA 0 1 20 20 1 2 0 1450 14 0.050
P(OMA/2AA)-1 0.20 1 20 20 1 27 0.45 1550 1.5 0.065
P(OMA/2AA)-2 0.33 1 20 20 1 35 0.54 1750 1.6 0.16
P(OMA/2AA)-3’ 0.5 1 20 20 1 53 0.65 2350 1.8 0.22
P(OMA/2AA)-4 0.66 1 20 20 1 58 0.76 3200 1.8 1.1
P(OMA/2AA)-5 0.8 1 20 20 1 72 0.86 3750 1.8 1.4
POMA 1.0 1 20 20 1 84 1 6250 2.3 25
P(OMA/2AA)-6 0.5 0.25 20 20 1 18 0.81 3500 1.7 1.8
P(OMA/2AA)-7 0.5 2 20 20 1 56 0.51 1700 1.5 0.095
P(OMA/2AA)-8 0.5 1 20 10 1 67 0.87 3050 1.8 0.55
P(OMA/2AA)-9 0.5 1 20 30 1 29 0.6 2300 1.7 0.20
P(OMA/2AA)-10 0.5 1 2 20 1 45 0.7 1850 1.6 0.090
P(OMA/2AA)-11 0.5 1 5 20 1 48 0.68 2350 1.8 0.16
P(OMA/2AA)-12 0.5 1 20 20 0.5 44 0.6 2150 1.7 0.14
P(OMA/2AA)-13 0.5 1 20 20 1.5 58 0.77 2500 1.8 0.35
Sample Polymerization conditions Composition and charactersitics
fi = tr T [HCT] Yield Fi My b o
h °C mol/dm3 % NMR mS/cm
(d) P(OMA/3AA)
P3AA 0 1 20 20 1 0 - - - -
P(OMA/3AA)-1 0.20 1 20 20 1 20 0.5 1250 14 0.063
P(OMA/3AA)-2 0.33 1 20 20 1 30 0.59 1350 1.4 0.060
P(OMA/3AA)-3’ 0.5 1 20 20 1 50 0.75 2150 1.7 0.15
P(OMA/3AA)-4 0.66 1 20 20 1 55 0.84 3100 1.7 0.56
P(OMA/3AA)-5 0.8 1 20 20 1 60 0.9 3800 1.7 1.7
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Table 2 (Continued )
Sample Polymerization conditions Composition and charactersitics
fi = tr T [HC1] Yield Fi My b o

h °C mol/dm3 % NMR mS/cm
POMA 1.0 1 20 20 1 84 1 6250 2.3 25
P(OMA/3AA)-6 0.5 0.25 20 20 1 19 0.88 3100 1.8 1.2
P(OMA/3AA)-7 0.5 2 20 20 1 60 0.52 1400 1.5 0.080
P(OMA/3AA)-8 0.5 1 20 10 1 57 0.90 2850 1.6 0.54
P(OMA/3AA)-9 0.5 1 20 30 1 24 0.71 1700 1.6 0.11
P(OMA/3AA)-10 0.5 1 2 20 1 35 0.78 1350 14 0.09
P(OMA/3AA)-11 0.5 1 20 1 44 0.775 1900 1.7 0.13
P(OMA/3AA)-12 0.5 1 7.0 20 0.5 42 0.65 1750 1.6 0.14
P(OMA/3AA)-13 0.5 1 20 20 1.5 61 0.775 2200 1.7 0.34

* Reference copolymerization conditions.

The NMR spectra were recorded on a Varian VXR 300-MHz
spectrometer at 25°C using the following parameters: (for 'H
NMR spectra) 45° pulse, relaxation delay 3s, acquisition time 4s,
500 repetitions (1h); and (for 13C NMR spectra) 90° pulse, relax-
ation delay of 2 s, acquisition time 1.637 s, up to 45,000 repetitions
(45 h). Polymer solutions (10%, w/v) in the mixture of NMP, TEA
and dimethylsulfoxide (DMSO-dg) of volume ratios 70:10:20 were
used; they were prepared under argon in the case of the LB forms.
TEA was added to increase the polymer solubility by transforming
the ES into the EB form. The 'H NMR spectra were referenced to
tetramethylsilane, while the 13C NMR spectra were referenced to
the DMSO signal.

The electrical conductance measurements were made on as-
prepared PANIs ES samples pressed into pellets (diameter 13 mm,
thickness 1-5 mm) that were coated with a carbon paste and placed
between two copper wires connected to the Electrochemical Inter-
face 1286 of a Solarton system equipped with a Frequency Response
Analyzer 1250. The conductance of a sample was determined from
the impedance response measured at excitation frequencies in the
range from 20 to 107 Hz at room temperature.

2.4. Determination of the compositions of copolymers

The molar fraction of OMA units built into the particular copoly-
mer, F;, was determined from the ratio of the integral intensities of
the TH NMR signals of the aromatic (around 7 ppm) and methoxy
protons (around 3.7 ppm). In addition, we determined the con-
tent of nitrogen and sulfur in the P(OMA/OA) and P(OMA/MA)
copolymers using a current analyzer CE440 LeemanLabs (CHN) for
nitrogen and the ICP-AES method on an Atomcsan 25 (Thermo
Jarrell Ash) instrument for sulfur. These data provided us with
a value for the sulfur-to-nitrogen mole ratio (S/N) in a given
copolymer, from which the value of F; was easily calculated.
Good agreement was obtained for the F; values determined from
the S/N ratios and those obtained from the NMR measurements
(Table 2a and b).

3. Results and discussion
3.1. IR spectra and composition of the P(OMA/ANIA) copolymers

The fingerprint regions of the selected IR spectra of the
P(OMA/OA) and P(OMA/2AA) ES forms prepared using different
feed molar fractions of the OMA, f1, are shown in Fig. 1. The presence
of OA units in the P(OMA/OA) copolymers is documented in their IR
spectra, mainly by the presence of the bands of deformation modes
at 615,705 and 770 cm~1; the corresponding bands of the MA units
in the P(OMA/MA) copolymers occur at 625, 682, 705 and 805 cm ™!
(all these bands are also present in the IR spectra of OA and MA).
In addition, the spectra of the OA- and MA-rich copolymers show
a shoulder at approximately 1640 cm~!, which broadens the band

of the benzenoid-ring stretching modes. The presence of the 2AA
and 3AA units in the P(OMA/2AA) and P(OMA/3AA) is evidenced
by the presence of IR bands at 1695-1660cm~! (v in COOH),
1520cm~! (ve_co), 1375 (2AA) to 1400cm~! (3AA) (vc_y), and
bands of the deformation modes at approximately 770-750cm™!.
The increased content of OMA units in a copolymer is reflected in
a decrease in the intensity of the IR bands typical of ANIA units
and the enhancement of bands at 1494cm~! (typical of vc_y in
PANI-ES), 1296 (vc_n), 1258 (ve_np®+), 1175 (8¢c-p) and 1125cm™!
(typical of PANIs with delocalized electrons) [52-55]. In the case of
P(OMA/2AA) and P(OMA/3AA) the bands at 1210 and 1017 cm™!
are also enhanced. The IR spectra of the copolymers prepared
using various ox/mon ratios (Fig. 2) only reflect the changes in
the composition of the copolymers; no additional structural fea-
ture is apparent from them. The same is true for the spectra of the
polymers prepared using various reaction times, T, and [HCl]o. In
general, the IR spectra provide plausible semi-quantitative infor-
mation on the structure of the as-prepared P(OMA/ANIA)s that can
be utilized for a rapid, reliable assessment of the composition of
these copolymers.

3.2. Reactivity of OMA and ANIAs in oxidative polymerization

The homopolymerization of the OMA was relatively fast and
gave only a slightly lower yield (Y=84%) of POMA with a markedly
lower molecular weight (M, = 6250) than the homopolymerization
of ANI (93%, My, =31,800) under the same reference conditions:
ox/mon=1; [HCl]p=1mol/l; T=20°C; and t;=20h (Table 1). The
POMA formed contained traces of sulfur (S/N=0.5%), obviously
due to the partial external doping and/or sulfonation of the main-
chain benzene rings with H,SO4 (formed as byproduct) [56]. Of
all the ANIAs tested, only 2AA homopolymerized under reference
conditions, but the yield (Y=2%), as well as the molecular weight
(Mw =1450) of the isolated P2AA was low. Only a slight, or no,
coloration of the reaction mixture appeared during attempts to
homopolymerize the 3AA, OA and MA.

All the ANIAs copolymerized with OMA and ANI to give the cor-
responding copolymers for which better solubility, higher thermal
stability and lower pH dependency of the conductivity is expected
compared to externally doped homopolymers [15,18,22,27]. The Y
and My, values obtained for the P(OMA/ANIA)s were always lower
than the values found for their P(ANI/ANIA) counterparts (Table 1),
obviously due to the steric effects of the CH30 group in the OMA
(Table 1). The difference in Y is mainly given by the type of acidic
group: it is remarkable for copolymers of sulfonic ANIAs, ANI-SOsH
(OA and MA): Y~50% (ANI copolymers); Y~30% (OMA copoly-
mers) but low for copolymers of carboxylic ANIAs, ANI-COOH (2AA
and 3AA): Y~ 55% (ANI copolymers); Y~ 50% (OMA copolymers). In
contrast, the copolymer M,y value is mainly controlled by the non-
acidic co-monomer (My, ant > My, 0ma) and only secondarily by the
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Fig. 1. IR spectra of selected P(OMA/OA) and P(OMA/2AA) copolymers prepared at various feed molar fractions of OMA, f;; F; is the fraction of OMA units in the resulting

copolymer.

type and position of the ANIA acidic group: (i) My so3u > Mw.cooH,
and (ii) My, 2-deriv > Mw,3-deriv-

3.3. Effect of the OMA feed molar fraction f;

One cannot construct copolymerization diagrams using the F;
and f; values listed in Table 2 as the F; values were obtained on
a too-broad range of copolymer yields (from 3% to 72%). There-
fore, the values of Y must also be taken into account to analyze
these data correctly. Such an analysis is performed in the dia-
gram in Fig. 3a, which shows that: (i) the molar fraction of OMA
units in the copolymer chains, Fy, is roughly directly proportional
to Y; (ii) increasing the OMA feeding fraction f; increases both Y
and Fq, and (iii) for each f; applied, the extent of the enchain-
ment of the ANIA molecules to the copolymer chains decreases in
the sequence 2AA >3AA > OA > MA. This sequence is more plausibly
apparent from Fig. 3b where the amount of substance of ANIA units,
Ny, built into the copolymer is correlated with f; and Y. The extent
of the enchainment of the monomer molecules to copolymer chains
reflects the monomer reactivity in the particular copolymerization.
Hence, this sequence shows that in the copolymerization with OMA
(the most reactive monomer in our systems): (a) ANI-COOH acids
are more reactive than ANI-SOsH acids, which can be attributed to
the lower electro-withdrawing effect of the COOH compared with
the SO3H groups; and (b) the o-acids are more reactive than the
m-acids, which can be explained by the lower steric hindrances of
the OMA to o-acid linkages compared with the OMA to m-acid link-
ages (see Scheme 2). It should be noted that the monomer reactivity
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sequence observed does not obey the order of the monomer reac-
tivity ratios determined from the kinetic measurements that were
based on the 'H NMR monitoring of the monomersi depletion from
the reaction mixture [47]. This discrepancy might be ascribed to
the formation of the oligomers that we washed out during the iso-
lation of our copolymers, while the monomer consumption during
the formation of oligomers was attributed to the copolymers in
earlier NMR measurements.

The effect of f; on the M,y of the formed copolymers should
also be analyzed with regard to the copolymer yield. The correla-
tion diagram (Fig. 3¢) shows that: (i) the My, values of ANI-SOsH
copolymers are systematically higher than the values for the cor-
responding ANI-COOH copolymers, and (ii) that the position of the
acidic group has a negligible effect on My,. This indicates that the
nature of the ANIA acidic group strongly influences the growth of
the copolymer chains (see below).

3.4. Effects of the reaction time, ox/mon ratio, acidity and
temperature of the reaction mixture

The effects of the reaction time, ox/mon ratio, acidity and tem-
perature of the reaction mixture on the isolated yield Y and the
characteristics of the PCOMA/ANIA)s (F;, My and o) are indicated
in Fig. 4. With respect to the effect of the reaction time (the first col-
umn) it is clear that the major part of a copolymerization (65-85%
of the final conversion after 20 h) is always achieved during the first
2 h of the reaction. The next 18 h of the reaction are characterized
by a slow decrease in F; (about 0.03-0.05) and an increase in My

P(OMA/2AA), ES, f, = 0.5
effect of ox/mon ratio

1695

0.25 (F, = 0.81)

T T T
1800 1500 1200 1900
cm

T
600 1800

T T v T
1500 1200 et 900 600

Fig. 2. IR spectra of PF(OMA/OA) and P(OMA/2AA) copolymers prepared using various ox/mon ratios; F; is the fraction of OMA units in the resulting copolymer.
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Fig. 4. Effects of the reaction time (1st col.), ox/mon ratio (2nd col.), [HCl]o (3rd col.), and temperature (4th col.) on the isolated yield Y (1st row), copolymer composition
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(about 60% to 75%, except for the 2AA copolymer, AMy, =27%, for
which Y only slightly increased in the second reaction stage). This
indicates that any further growth of already-existing chains dom-
inates, while the formation of new ones (initiation) is of marginal
importance in the second stage of the polymerization. The observed
decreases in the F; values are rather low; however, they are related
to total samples. The chains or sub-chains created in the second
reaction stage are enriched with ANIA units by approximately 15%,
which points to the axial composition gradient of the P(OMA/ANIA)
chains.

The effects of the ox/mon ratio are shown in the second column
in Fig. 4. The changes caused by the increase in the ox/mon ratio
from 0.25 to 1.0 are mainly of a stoichiometric origin. The large
increase in Y is due to the better stoichiometric balance between
the monomers and the oxidant; the decrease in F; is due to the
necessity of including more ANIA molecules into the copolymer
at increased Y, and the decrease in My, is caused by an increased
rate of initiation due to the increased total concentration of the
activated monomer species for an increased concentration of the
oxidant. The increase in the ox/mon ratio far above the stoichio-
metric optimum 1.25, to a value of 2.0, only slightly increased
the yields of PCOMA/ANIA)s and, interestingly, affected the F; and
My, values of the sulfonic and carboxylic copolymers in differ-
ent ways. Compared to the respective copolymers prepared under
reference conditions, the values of F; and M,, remained nearly pre-
served for the P(OMA/ANI-SO3H)s, but significantly decreased for
the P(OMA/ANI-COOH)s. This means that the high ox/mon ratio sig-
nificantly enhanced the enchainment of the ANIA-COOH, whereas
it did not affect the enchainment of the ANI-SO3H molecules. This
observation also proves the higher reactivity of the carboxylic
ANIAs compared with the sulfonic ANIAs.

The increasing acidity of the reaction mixture increased the val-
ues of all the studied parameters except for the M,y of P(OMA/OA),
which remains nearly constant (Fig. 4, third column). A remark-
able feature is the simultaneous increases in Y and F;, which
shows that a higher Y is obtained due to the reduced incorpora-
tion of ANIA molecules into the copolymer chains. Note that the
increase in Y with an increase in the ox/mon ratio is caused by an
enhanced enchainment of the ANIA molecules into the copolymer
chains.

Increasing the reaction temperature caused changes (Fig. 4, last
column) opposite to those caused by increasing [HCl]p: a continu-
ous decrease of all monitored quantities. In other words, a decrease
in T has a similar impact to an increase in [HCl]y. Note that also
in this case the increase in Y with a decrease in T is caused by
an enhanced enchainment of the ANIA molecules into copolymer
chains. Perhaps the most interesting effect of T is the relatively
sharp decrease in Y (which reflects a decrease in the rate of poly-
merization) with anincrease in Tfrom 10 °Cto 30 °C, which strongly

P(OMA/OA)
In(a) 1 P(OMA/MA)
04 A 0,85943 0,23069
B -9,83576 1,0376
l e
]
| |
34 : : \
0.0 0.2 0.4 0.6

contradicts the generally observed increase in the reaction rate
with increasing T. A simultaneous decrease in F; and My, (with
increasing T) (i) proves the increased enchainment of the ANIA
molecules, and (ii) the decreased growth capability of the individ-
ual chains. Hence, this unusual behavior appears to be a result of
the synergic effect of: (i) an increased enchainment probability of
the ANIA molecules at higher T, and (ii) a low propagation activ-
ity of the ANIA units occupying the end positions of the growing
chains. The low propagation activity of the ANIA units appears to
be due to the attached electron-withdrawing acidic groups.

3.5. Electrical conductivity of P(OMA/ANIA)s

The electrical conductivity of POMA (~10-3 S/cm) is about three
orders of magnitude lower than the o of PANI (~10°S/cm) due
to the steric effects of the methoxy groups. The inclusion of the
ANIA units into the POMA chains decreases the conductivity of the
copolymers by up to two orders of magnitude (Table 2). The data in
Fig. 4 (rows 2 and 4) suggest the existence of a correlation between
o and the fraction of OMA (resp. ANIA) units in the PCOMA/ANIA)
chains. An analysis of all the measured o values revealed a roughly
linear dependence of In(c’) on (1 — F; ), which is significantly differ-
ent for the ANI-SO3H and ANI-COOH copolymers (Fig. 5).

PANI ES (Scheme 1) is considered as a mixed electronic and pro-
tonic conductor. The electronic charge carriers are positive polarons
and bipolarons, and the protonic conductivity is supposed to pro-
ceed by a proton-hopping mechanism (the conducting protons
are classified as free protons since their binding to imine nitro-
gens is weak [57,58]). The contribution of the counter-anions to
the ionic conductivity of PANI is mostly neglected, though it is
important in other ionic conjugated polymers [59,60]; the counter-
anions are believed to be closely associated with the doped PANI
[57,61] chains. Nevertheless, the counter-anions cannot be immo-
bilized completely; they should diffuse and/or migrate, at least in
a restricted volume element, and so be temporarily absent from
the positive charge carriers of the PANI chains. This assumption
makes it possible to explain the decrease in the conductivity of
partly self-doped PANIs with the increasing content of self-doped
units. Unlike the free counter-anions in externally doped PANIs, the
covalently bound counter-anions in a self-doped PANI cannot move
far enough off the positive polarons to make them, temporarily,
almost free. Therefore, the anchored counter-anions progressively
decrease the mobility of the polarons and, as a consequence, the
conductivity of the self-doped PANIs. Moreover, the interactions
of the counter-anions with the polarons can enforce the main
chain distortions that further reduce the conductivity of partly self-
doped PANIs. Both these effects can significantly contribute to the
observed decrease in o due to an increasing fraction of ANIA units
in the P(OMA/ANIA)s.

T
In(o) | ~ A P(OMA/2AA)
A P(OMA/3AA)
04 ¥ A
A 050641 0,2681
% B -6,52698 0,86479
14
24
. A
-3 T . )
0.0 0.2 0.4 0.6

Fig. 5. Electrical conductivity, o (mS/cm), of FOMA/ANIA)s as a function of the molar fraction of ANIA units, (1 — F; ), in the copolymer.



I. Mav-GoleZ et al. / Synthetic Metals 161 (2011) 1845-1855 1853
2.0+ 2.0+
P(OMAJ/OA) 4 P(OMA/MA)
1.5 £ A’max' nm
/ POMA
Lo=25
1.0 ot =S
=110
" s a=072
o =033
0.54 ~ o =039
= o =0.22
o =008 a=0.15 =l
0.0 T T T T T T 00 T T T T T T
300 400 500 600 700 800 300 400 500 600 700 800
20,9 0.065
2 JisE P(OMA/2AA)

1548

1.0

0.5

P2AA

0.0

0.0

600 700
A, nm

300 400 500 800

700
A, nm

300 400 500 600

Fig. 6. UV-vis spectra of selected P(OMA/ANIA) copolymers with inserted values of o (mS/cm).

The steric effects of side groups are also important, since the
lowered symmetry reduces the ability of the chains to create crys-
talline domains, dubbed metallic islands [61-65]. These effects
explain the lowered conductivity of the POMA and other not-
self-doped ring-substituted PANIs compared to PANI (the decrease
factor is typically 10-3). Steric effects should not be that important
within our series of copolymers composed exclusively of single-
substituted monomeric units. Nevertheless, these effects may lie
behind the minor differences in the dependence In o vs (1 — F;) for
copolymers of different ANIAs. Compared with PCOMA/ANI-COOH),
P(OMA/ANI-SO3sH) copolymers exhibit a sharper decrease in In o
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Fig. 7. Semi-logarithmic dependence of the electrical conductivity ¢ (mS/cm) of
P(OMA/ANIA) copolymers on the absorbance ratio of the bands at 602-626 nm (Q-
band) and at about 315 nm (B-band).

that might be ascribed to the greater bulkiness of the SO3H com-
pared to the COOH groups. Another possible explanation is that the
external doping agent, HCI, partly protonizes the ANIA counter-
anions and so weakens their electrostatic binding with positive
polarons/bipolarons, which makes the charge carriers more mobile.
Compared to sulfonic groups, carboxy groups can be more easily
protonized; therefore, the positive charge carriers should be more
mobile in the P(OMA/ANI-COOH) compared to the P(OMA/ANI-
SO3H) of the corresponding composition (1 — Fy).

3.6. UV-vis spectra of (OMA/ANIA)s

The UV-vis spectrum of POMA EB (Fig. 6) contains the so-
called B-band at 315 nm, contributed by the 7—m* transitions in
the benzenoid rings, and the Q-band at 626 nm contributed by the
transitions in quinone diimine units. For the ideal POMA EB (50%
oxidized form), the B/Q band absorbance ratio (Ag/Aq)is 1.6 [5]. The
reduction of POMA from the EB to the LB form does not change the
position (Amax) but decreases the Q band intensity; this decrease is
usually expressed as an increase in the Ag/Aq ratio, e.g., Ag/Aq = 3.5
for POMA oxidized from 40%. On the other hand, the Ag/Aq ratio only
slightly increases (up to 1.75) if POMA EB is oxidized toward the PB
(pernigraniline base) form and, simultaneously, the Q-band shifts
toward 560 nm (the band typical of the PB form, which is ascribed to
the Peierls gap [5]). Similar spectral changes accompany analogous
transformations of the forms of other PANIs.

We found that Ag/Ag = 2.05 for our POMA sample, which indi-
cates a slightly under-oxidized EB form (from approximately 48%,
which is consistent with a slightly under-stoichiometric amount of
oxidant used in our syntheses). An increasing content of ANIA units
decreases the intensity and causes a blue shift of the Q-band of the
P(OMA/ANIA) (Fig. 6). The observed high values of the Ag/Aq ratio
(up to 8) practically exclude the possibility that our copolymers are
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in the PB form (Ag/Aq = 1.75). Besides, there is no band that could be
ascribed to the PB form, even in the spectra of copolymers prepared
with the largely over-stoichiometric ratio ox/mon=2. Hence the
observed blue shift of the Q-band can be ascribed to the increasing
intensity of the band at 500 nm, which is best developed in the spec-
trum of P(OMA/2AA) (F; =0.45). Note that this band is not present
in the spectrum of P2AA and so it is not due to long sequences
of 2AA units. This band might be ascribed to transitions in self-
doped, nearly alternating OMA/ANIA sequences [46]. Accordingly,
the observed increase in the Ag/Aq ratio, as well as the blue shift
of Q-band, can be attributed to the self-doping effect of the acidic
groups.

UV-vis spectra prove that the P(OMA/ANIA) chains are not in the
base form but in a partly protonized form, even in the NMP solution
containing TEA. The most striking self-doping effect is observed
for P2AA, for which the spectrum in NMP/TEA is almost identi-
cal with the spectrum of the as-prepared sample in DMSO [46].
Similar spectral features have been observed for PANIs prepared
with a FeCl3/H, 0, catalyst system in which the partial self-doping
is supposed to originate from phenolic groups formed in side
reactions [66]. In summary, the UV-vis spectra indicate that our
P(OMA/ANIA) copolymers are in a close-to-emeraldine state and
that their chains are permanently partly protonized due to the
self-doping effect of the acidic groups anchored on the main-chain
benzene rings.

3.7. Correlation between UV-vis spectra and the conductivity of
P(OMA/ANIA)s

The values of o indicated in the spectra shown in Fig. 6 show
the existence of a correlation between the copolymer conductivity
and its optical absorbance in the Q-band region. Therefore, we have
examined a few correlations of this kind and found that the most
significant is the correlation between In o and the absorbance ratio
Ag26/Ap (Fig. 7) (A =626 nm is the position of the POMA Q-band).
Separate dependences for individual P(COMA/ANIA) gave nearly
equal values of the linear-fit parameters and the regression coef-
ficients: R>0.95 (except for PCOMA/OA)s, R=0.81, for which some
outlying points were found, which are specified in Fig. 7). This cor-
relation suggests that the conductivity of PCOMA/ANIA)s is to a large
extent controlled by the content of quinoidal OMA units. This seems
reasonable since just quinoid OMA units can be easily externally
doped to give ES units of much greater ability to transport polarons
than the self-doped ANIA units.

4. Conclusions

We copolymerized OA, MA, 2AA and 3AA with OMA to corre-
sponding copolymers for which a better solubility, higher thermal
stability and lower pH dependency of the conductivity compared to
externally doped homopolymers is expected. Copolymerizations of
OMA with aniline-sulfonic and aniline-carboxylic acids were found
to be robust reactions during which all the examined changes of the
reaction conditions have a strong impact only on the composition
of the formed copolymers. The ability of ANIAs to copolymerize
with OMA, as ascertained from the extent of the incorporation
of ANIA molecules into copolymer chains, decreases in the order
2AA>3AA>0A>MA, which is consistent with the electronic and
steric effects of the acidic substituents. The large reactivity differ-
ence between the OMA and the ANIAs unambiguously favors the
enchainment of the OMA over the ANIA molecules. The enchain-
ment of ANIA molecules can be enhanced by: (i) an increase in the
ANIA fraction in the feed monomer mixture, (ii) an increase in the
reaction temperature, or (iii) a decrease in the acidity of the reac-
tion mixture; in all cases to the detriment of the copolymer yield.

The enchainment of the ANIA-COOH molecules is also markedly
enhanced by an increase in the ox/mon ratio above the optimum
stoichiometric ratio, without a loss in the copolymer yield in this
case.

The OMA/ANIA copolymerizations surprisingly exhibit a
decrease in the reaction rate (based on the copolymer yield) with an
increase in the reaction temperature. This unusual behavior is sup-
posed to be the result of the following two effects: (i) an increased
incorporation of ANIA molecules into the copolymer chains (due
to increased T), and (ii) a low propagation activity of the ANIA
end-units.

The third main output of this work is the identification of a
generalized correlation between the electrical conductivity and the
absorbance ratio Agyg/Ag for PCOMA/ANIA) copolymers, which can
be potentially exploited for rapid estimates of o for P(OMA/ANIA)s.
In addition, this correlation, together with the o vs F; dependences,
points to the importance of the local mobility (diffusion) of counter-
ions for the conductivity of PANIs.
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