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The aniline dimer, N-(4-aminophenyl)aniline has been poly-
merized cleanly under mild conditions to obtain an emeraldine
base form of polyaniline using [MeB(3-(Mes)Pz);]CuCl as the
catalyst and H,O, as the oxidant, while the subsequent
acidification of the emeraldine base gives the conducting
emeraldine salt form of polyaniline.

Polyaniline (PANI) is one of the most widely studied conductive
polymers during the past two decades.'® It has good environ-
mental stability, interesting optoelectronic features, and control-
lable electrical and electrochemical properties. As a result, many
technological applications have been demonstrated with polyani-
line. The most common route to polyaniline utilizes harsh reagents
such as a strong oxidant (e.g., peroxydisulfate) and a strong
mineral acid.* Some other oxidants capable of polymerizing aniline
to yield polyaniline are Fe**, Cr,0,>~, MnO,~ and 105 . All these
reactions usually require more than stoichiometric amounts of the
oxidant and excess acid. The most widely used route to polyaniline
which uses (NHy4),S,Og also generates significant amounts of
(NH4),SO, by-product.” Thus, environmentally benign, and
preferably catalytic processes for the synthesis of PANI are of
significant interest. The recent reports on the PANI synthesis
involving Horseradish peroxidase is an important development in
this regard.®’

In this paper, we describe a metal catalyzed route to polyaniline
starting from N-(4-aminophenyl)aniline and H,O, (Fig. 1). The
tris(pyrazolyl)boratocopper adduct, [MeB(3-(Mes)Pz);]CuCl (Mes
and Pz stand for mesityl and pyrazolyl, respectively) serves as the
catalyst. It was characterized using several methods including
X-ray crystallography (see Supporting Information: Figure S17
and crystal structure dataf). [MeB(3-(Mes)Pz);]CuCl is a relatively
robust, readily accessible metal complex with a sterically and
electronically tunable ligand system.'® It is also noteworthy that
the related tris(pyrazolyl)boratocopper—oxygen complexes have
been used as models for oxyhemocyanin (an oxygen carrying
metalloenzyme in some invertebrates) and oxytyrosinase (a
monooxygenase capable of oxidizing phenols).!' There are a
limited number of reports on the use of inorganic Cu() salts'? and
cis-bis(glycinato)copper(11) complex'® for the PANI synthesis.
However, these systems produce an overoxidized pernigraniline
form of polyaniline with various other by-products. The use of
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sterically demanding tris(pyrazolyl)borate ligand with copper(11)
has the advantage over these in producing better polymers as
demonstrated in this PANI work, and also in the phenol
polymerization reactions.'* For example, the use of copper/
diamine catalyst for phenol polymerization leads to C-C bonded
dimers whereas [HB(3,5-(Ph),Pz);]JCuCl produces stereo-regular
C-O coupled poly(1,4-phenylene oxide) polymer.'

The PANI synthesis route is summarized in Fig. 1, which
involved the catalytic oxidative polymerization of aniline dimer, N-
(4-aminophenyl)aniline using hydrogen peroxide as the oxidant.
For example, a mixture containing aniline dimer : catalyst : H,O, :
HClat1:0.05:1.5: 1ratioin 1 :1 CH3CN : H,O gave good
quality polyaniline in about 50% yield, after 24 h at room
temperature.§ The reaction carried out under identical conditions,
but without the copper catalyst (i.e., dimer : catalyst : H,O, : HCI
mole ratio of 1 : 0: 1.5: 1) did not produce a detectable amount of
solid material. The resulting PANI from the metal catalyzed
process is soluble only in N-methylpyrrolidinone (NMP) giving
bluish-purple solutions, which upon addition of an NMP solution
containing camphor sulfonic acid turned greenish.
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Fig. 1 The chemical structure of the catalyst
tris(pyrazolyl)boratocopper(i) complex [MeB(3-(Mes)Pz);]CuCl together
with the polymerization reaction.
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Fig. 2 The UV-visible absorption spectra of PANI Sample (Bottom
spectrum: As-prepared sample in NMP, Top spectrum: PANI Sample in
NMP acidified with camphor sulfonic acid).

The PANI sample dissolved in NMP shows the characteristic
UV-visible absorption spectrum, and indicates that as-prepared
samples are mostly in emeraldine base (EB) form possibly due to
the flushing of protons during the repeated washing of the product
(See Fig. 2 for UV-visible absorption spectra). In general, the
emeraldine base form of PANI dissolved in NMP contains two
characteristic absorptions, a broad band with A, at 634 nm
(1.96 eV) corresponding to molecular exciton transition, and a
sharp strong absorption centered at 320 nm (3.75 eV) due to the
n — ¥ transition. The spectra of both fully oxidized (pernigrani-
line base) and fully reduced (leucoemeraldine base) PANI also
exhibit the m1 — n* transition at 320 nm. However, the 634 nm
band tends to disappear when EB is reduced while it red-shifts to
Peierls gap band upon complete oxidation.>!1

The FT-IR spectrum (on KBr) of the acidified PANI (using
HCI) is shown in Fig. 3. The typical absorptions at 1158 cm ™!
[W(C-N) in B-NH*-Q], 1313 cm ™! [W(C-N)], 1494 cm ™! [W(C-N)
in N-B-N] and 1586 cm ™' [W(C-N) in N=Q=N] appear as very
strong bands (where B and Q stand for benzenoid and quinoid
moieties). The ratio N=Q=N absorption : N-B-N absorption gives
an indication of the extent of oxidation in the emeraldine form of
the polymer while the ratio B-NH"-Q absorption : N=Q=N
absorption gives an indication of the extent of protonation of
imine nitrogen atoms in the polymer.?**! This ratio is very close to
1 in the acidified PANI sample suggesting the presence of the
emeraldine salt form of structure.
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Fig. 3 FT-IR spectrum of PANI sample.
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Fig. 4 Cyclic voltammogram at 20 mV s~ ! of polyaniline on Pt disc
electrode in 0.05 mol L™ tetrabutylammonium tetrafluoroborate back-
ground electrolyte.

The cyclic volammetric data suggest the formation of very clean
polyaniline with no impurities (Fig. 4). Particularly, Cu impurities
are not visible in the CV as there are no peaks corresponding to the
Cu?*/Cu couple. The atomic absorption spectroscopic studies of
the PANI samples are also in support of negligible amounts of Cu
impurities. Electrochemical impedance spectroscopic (EIS) stu-
dies®?* of as-prepared samples indicate an electronic resistance of
2 x 10* Q which can be lowered to 100 Q by acidification. Ionic
conductivity is in the range of 10° Q. This is consistent with the
scanning electron micrographs (SEM), that show mushroom type
nanostructures permeable to solvent molecules (Figure S2a in the
Supplimemtery Information Sectiont). The DC conductivity of
2.0 x 107*S ecm™! for as-prepared samples is in agreement with
the electrochemical data.

Another experiment was carried out in which the addition of
acid is deliberately avoided during the polymer synthesis but the
product obtained was later acidified with 1 mol L' HCl(aq) or
1 mol L™! camphor sulfonic acid in NMP. Although the amount
of PANI precipitated is about five times smaller than those
obtained using an acidic medium under similar conditions, it is of
high quality. The PANI sample is soluble only in NMP and its FT-
IR shows the presence of B-N-B and Q=N=Q moieties but not B—
NH*"=Q moeties as expected. The latter band appears upon
acidification. The CV of the acidified sample shows no Cu
impurities and it has the expected signature for regio-regular
polyaniline with no branching and no side products or impurities
(Figure S37). Interestingly, the EIS data reveal that?>>*(see Figure
S4+) the acidified material is highly conducting with an electronic
resistance of 980 Q and the ionic resistance of 2.52 x 10 3Q at
+0.7 V. Upon decreasing the DC potential the material remains
conducting down to +0.4 V though the conductivities gradually
decrease (See Figure S57). The EIS data are not very meaningful at
potentials when polyaniline is in its leucoemeraldine form.

We have also investigated the effect of temperature, the amount
of oxidant, and the tris(pyrazolyl)borate ligand. The reaction
carried out at higher temperatures (40 °C) using excess oxidant
(dimer : catalyst : H,O, : HCl mole ratio of 1 : 0.05 : 10 : 1)
produced somewhat inferior quality PANI. For example, cyclic
voltammetry (CV) signature of the PANI was only obtained when
scanned at very slow scan rates suggesting highly compact polymer
morphology hindering the accessibility to solvent species.
Electrochemical impedance spectroscopic studies also indicate
high ionic resistance (the low frequency almost vertical straight line
is not visible even at 0.1 mHz) for as-prepared samples.”> > In fact,
scanning electron micrographs of this PANI sample (Figure S2b¥)
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show densely packed fibril structure in contrast to the mushroom
type nanostructure observed for PANI obtained at 20 °C using
1.5 equivalent of H,O, (as described above). Therefore, it can be
inferred that drastic conditions such as higher temperatures and
excess oxidants give unfavorable results.

The effect of the bulky tris(pyrazolyl)borate ligand was also
investigated by performing a reaction using CuCl, in place of the
[MeB(3-(Mes)Pz);]CuCl catalyst in a mixture of dimer : catalyst :
H,0,:HClata1:0.05:1.5: 1 ratio. The resulting PANI sample
gave a complicated CV and contains several redox peaks possibly
showing the degraded products such as benzoquinones and
benzidenes or cross-linked structure as reported previously.?®=®
Its EIS data do not show the typical behavior of a conducting
polymer as well.

In summary, [MeB(3-(Mes)Pz);]CuCl catalyzes the formation of
a clean emeraldene base form of polyaniline from aniline dimer
and H,0,. Presumably, the water is the only by-product of this
process. The method described here is also amenable for large scale
synthesis. The use of a mineral acid during the polymer synthesis is
not essential, but affects the yield. The excess hydrogen peroxide is
detrimental and 1 : 1.5 molar ratio of dimer : H,O, is sufficient.
Preliminary studies indicate that PANI could be obtained directly
from aniline containing 1 mol% of aniline dimer. We are presently
exploring a greener route to PANI using aniline as the starting
point and O, as the oxidant, and the ligand effects on PANI
quality.

We acknowledge the financial support from US National
Science Foundation (CHE-0314666) and the Texas Higher
Education Coordination Board (ATP-003656-0153-2003).

Notes and references

i Crystallographic data for [MeB(3-(Mes)Pz);]CuCl-CH,Cl,, Formula,
C3gH4uBClCuNg (765.49), T = 100(2) K, triclinic, space group PI, a =
12.6899(13) A, b = 18.2468(18) A, ¢ = 18.7138(318)/&, o = 68.8850(10)°, f =
88.916(2)°, y = 71.5520(10)°, V = 3812.3(7) A*, Z =4, = 0.819 mm ',
Final R indices [/ > 20(/)] R, = 0.0610, wR, = 0.1289. CCDC 293122. For
crystallographic data in CIF or other electronic format see DOI: 10.1039/
b513938d

§ N-phenyl-1,4-phenylenediamine (0.921 g, 5.0 mmol) was added to a
mixture of HCI (0.50 g, 36.5% HCI, 5.0 mmol), acetonitrile (18 mL) and
H,O (18 mL) under a nitrogen atmosphere and stirred for 10 min. The
oxidant H,O, (0.855 g, 30% H,0, solution, 7.5 mmol) was added to this
mixture. The resulting mixture was then added to the catalyst [MeB(3-
(Mes)Pz);]CuCl (0.170 g, 0.25 mmol) dissolved in a minimum amount of
1 : 1 CH3CN/H,O. The solution was stirred for 24 h under N, at room
temperature. A dark precipitate was formed. This precipitate was separated
by filtration and washed with MeOH (3 x 30 mL), dilute HCI (0.1 M, 3 x

30 mL), and CHCl; (3 x 30 mL), and dried under reduced pressure to
obtain PANI (51% yield).
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