1428

Chemistry Letters 2000

Novel Synthesis of Polyaniline Using Iron(l11) Catalyst and Ozone
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Polymerization of aniline using iron(l11) and ozone as a cata:
lyst and an oxidant, respectively, provided polyaniline with an
emeraldine form based on IR and UV-vis spectroscopic data,
athough influence of the reaction temperature upon the molecular
weight of the polyaniline was different from the case of ammoni-
um peroxodisulfate. Preliminary results of experiments have
revealed that polyaniline is produced catalytically in terms of
iron(l11). Morphology of polyaniline produced significantly influ-
enced electrical conductivity of the polyaniline pellet.

Polyaniline is one of the most attractive electrically conduct-
ing polymers because of its good environmental stability® and
electronic properties easily-tunable by changing the oxidation
state and the degree of protonation,?® as well as relatively good
processability.* Its applications have already been studied for
electronic devices such as, polymer-LED,5 tantalum solid elec-
trolyte capacitors,® secondary polymer batteries,” antistatic and
electromagnetic shielding materials,® and potential thermoeectric
materials. %10

Preparation methods of polyaniline from aniline can be divid-
ed into two categories, i.e. an electrochemica! and a chemical
method.*? The chemical method is considered to be more useful
than the dectrochemical method from the viewpoint of mass pro-
duction of polyaniline.l® There are many researches on polymer-
ization of aniline by a chemical method, especially by using
ammonium peroxodisulfate’* and Ce(SO,),% as oxidants. In
these reactions the oxidant is consumed stoichiometrically. Thus,
the reaction requires a large amount of chemicals for the mass
production, resulting in difficult separation of polyaniline from the
reaction mixtures and troublesome treatment of the acidic by-
products of oxidants. This is evidently a disadvantage from the
viewpoint of environmental protection and production cost.

Recently, H,0, and iron(11)¢ or horseradish peroxidase
(HRP)Y” were used for the polymerization of aniline, in which
iron(Il) or HRP is a catalyst, H,O, is an oxidant consumed stoi-
chiometrically, and the main by-product iswater. Thisis environ-
mentally friendly synthesis of polyaniline. H,O,, however, is pro-
duced by a considerably complicated process and is provided as a
quite inconvenient aqueous sol ution to be used.

Previously we have suggested syntheses of conducting poly-
mers by using atmosphereic oxygen,’3 and reported that polyani-
line'® and polypyrrole derivative'® can be obtained at high yield
from the corresponding simple monomers under oxygen atmos-
phere by using small amount of meta sats as “real” catalysts.
These reactions proceed catalytically in terms of the metal ion
while molecular oxygen is used as an oxidant. In the reactions,
the main by-product is water and the oxidant is plentiful oxygen.
The polyaniline produced by this method, however, exhibits low
electrical conductivity because some branched structures induced
by low oxidation potential of copper(ll) (0.16 V vs NHE).
Although iron(I11) (0.77 V vs NHE) has high oxidation potential

for the polymerization of aniling,2> molecular oxygen (0.40 V vs
NHE) has too low oxidation potential to convert iron(ll) to
iron(l11). In contrast, ozone (2.1 V vs NHE), which is easily con-
vertible by an electrochemical method from oxygen in air, has
enough high oxidation potential to convert iron(l1) to iron(lI1).
Here we present novel synthesis of polyaniline using iron(l11) and
ozone as a catalyst and an oxidant, respectively.

Typical polymerization was carried out as follows: aniline
and iron(I11) (5/1, mole ratio) were added in 1 mol dm=3 HCI
aqueous solution.  An ozone gas, which was directly converted
from oxygen with ozone generator, was blown into the aniline-
containing solution at 3.0 x 102 mol h for 3 h at 60 °C. The
polymers were separated from the mixtures and treated with an
agueous solution of ammonia.  The products were characterized
by infrared (IR) and ultraviolet-visible (UV-vis) spectroscopies.
Molecular weights of the products were determined by gel perme-
ation chromatography. The polymerization was carried out under
various reaction conditions. Effect of concentration of aniline,
reaction temperature, and other conditions on the percentage
yield, electrical conductivity and molecular weight, as well as
details of the characterization, will be reported elsewhere.

The IR spectra of the products have peaks a 1500, 1600, and
830 cmi ! attributed to benzenoid units, quinonoid units, and para-
disubstituted phenyl rings, respectively. The UV-vis spectra have
two absorption bands at 330 and 620 nm, assigned to n—n* of
phenyl rings and exciton transition from benzenoid units to
quinonoid units, respectively. These data are well consistent with
those of the well-defined emeraldine structure of polyaniline*
The polyaniline, obtained in 87% yield in the typical polymeriza-
tion, has the electrical conductivity of 0.4 S cm™ and weight-aver-
age molecular weight M,, of 2 x 10* Da after dedoping with ague-
ous ammonia.

The isolated yield and the molecular weight are significantly
influenced by reaction temperature, as shown in Figure 1. The
yield increases with increase of the reaction temperature, which is
quite similar to the case of polymerization using ammonium per-
oxodisulfate* The reason for the dight decrease of the isolated
yield after 60 °C, however, isnot clear yet. On the other hand, the
M,, unpredictably increases with increase of the temperature,
which is clearly different from the case of ammonium peroxo-
disulfate! The results indicate that the present polymerization of
aniline proceeds by the mechanism different from the case of
ammonium peroxodisulfate. The eectrical conductivities, meas-
ured on pellets by a four-probe technique, and the M,,s of the
polyaniline were much lower than those polymerized by ammoni-
um peroxodisulfate. At a glance the lower M,,s were considered
to result in lower electrica conductivities. It is, however, easily
postulated that morphology of polyaniline powders could signifi-
cantly influence the electrical conductivity of pellets according to
the conduction mechanism of polyaniline.??

To probe the correlation between the M,, and the electrical
conductivity a cast film was prepared from m-cresol solution of
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Figure 1. Effect of the polymerization temperature upon yield (left)
and weight-averaged molecular weight (right) of the polyaniline.

(%)-10-camphorsulfonic acid (CSA)-doped polyaniline, as previ-
ously reported.® The results are compared with the case of
ammonium peroxodisulfate (Table 1). The electrical conductivity
of the present polyaniline pellet, prepared at 60 °C which is opti-
mum in terms of the isolated yield, is much lower than that of
ammonium peroxodisulfate. The M,, of the present polyanilineis
also much lower than that of ammonium peroxodisulfate. The
electrical conductivity of the cast film, however, is not so different
from that of ammonium peroxodisulfate. These results indicate
that the M,, of polyaniline does not significantly influence the
electrical conductivity of polyaniline. On the basis of the results it
is postulated that the morphology of produced polyaniline pow-
ders could considerably influence the electrical conductivity of
pellets. Interestingly the low M,, of the polyaniline results in
higher percentage of soluble fraction of polyaniline than that pre-
pared by ammonium peroxodisulfate. The good solubility of
polyaniline gives an advantage for wide applications through solu-
tion-processing.

As mentioned above, the present polymerization proceeds in
the way different from that in the case of ammonium peroxodisul-
fate in terms of molecular weight. To investigate the mechanism
the following experiments were carried out: When only iron(l11)
was added in an acidic solution of aniline without ozone, polyani-
line was obtained as previously reported.?’ As expected, polyani-
line was not obtained when iron(I1) was added in the solution
without ozone. Polyaniline was not obtained as well when only
ozone was blown into the solution without iron(Il). However,
polyaniline was obtained when the ozone-blown solution of
iron(11) was added in the solution of aniline.

On the basis of these reaults, the present polymerization pro-
ceeds catalytically in terms of iron(l11), as shown in Scheme 1. At
the beginning of polymerization, the iron(l11) ions could oxidize
aniline and convert themself into iron(11) ions. The produced radi-
cal cations of aniline react with aniline to form dimers, oligomers
and finally polyaniline through multi-steps reactions. On the
other hand, the iron(Il) ions produced could be oxidized into
iron(l11) ions by ozone. By this way iron ions work as catalysts
and ozone works as an oxidant. The oxidation of iron(l1) ions by
ozone is postulated to be a rate-determining step in the present
polymerization. The reaction could be quite dow at low tempera-
ture. Thus, enough amount of radical cations of aniline could not
participate in the propagation step of polymerization, resulting
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Table 1. Comparison of properties of the present polyaniline with
that prepared by a previous method

(o]
: M, Soluble fraction * /Sem™
Synthetic method W 5 =t
/g mol /% Pellet® _ Film®
Previous method® 5 x 10* 14 2 47
Present method 2x10* 34 0.4 28

“Weight percentage of CSA-doped polyaniline in m-cresol. *By a four-
probe method on HCl-doped polyaniline pellets. “By four-point method

on CSA-doped polyaniline films. °Ref. 14.
n
O_NHZ

Scheme 1. The proposed catalytic cycles of the polymerization.

H* +0, Fe(Il)
H,0 + O, Fe(llI)

in polyaniline with low molecular weight. Thus, the reaction
temperature could influence not only the yield but also the
molecular weight of polyaniline. The mechanism including
kineticsis under investigation.

In conclusion we have succeeded in an environmentally
friendly synthesis of polyaniline using iron(l11) ion and ozone as
a catalyst and an oxidant, respectively. The polymerization of
aniline proceeds catalyticaly in terms of iron(l11) ions. The cast
films of the polyaniline showed high electrical conductivity in
comparison with the low electrical conductivity of powdered
polyaniline. This indicates that morphology has significant
effect on the electrical conductivity of polyaniline pellets.
However, the low M,, of the polyaniline did not significantly
influence the electrical conductivity of cast films. Thisisacon-
siderable advantage for wide applications of polyaniline through
solution-processing.
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