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Characterization of
Low Temperature Soluble

Polyaniline

Jeff C. Michaelson?), Augustin J. McEvoy?)", and Takeo Shimidzu®)

Abstract. Because the charging of polyaniline films occuts in the bulk of the material
rather than exclusively at the polymer-electrolyte interface, the use of thick polymer
films for battery applications is justifiable. Here, we present a method for producing
soluble polyaniline which can be cast to form free-standing films. Investigation by
scanning electron microsopy (SEM) has shown that these films are significantly more
compact than those made by standard electropolymerization.

Introduction

For over a decade, organic conducting
polymers such as polyaniline (PANI) have
been considered for application as the
cathode material of secondary batteries.
Much of the research has concentrated on
developing polymer films which have the
high electroactivity neccesary to compete
withconventional electrode materials. Due
to this effort, reversible polyanilines with
high conductivities and energy and charge
densities have been produced. However,
while the electrochemical properties have
been greatly improved, other aspects such
as thermal stability and mechanical prop-
erties have often been ignored. In particu-
lar, easily processible polyaniline films
possessing a high degree of mechanical
integrity, needed by industry to justify
large-scale polyaniline battery production,
have been quite elusive.

To produce such films, the polymer
should be soluble in a common solvent
which thereby permits the casting of free-
standing films. Earlier, Lietal. [ 1] showed
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that such PANI samples could be made by
employing large organic protonic acids or
by grafting the polymer with polyaminos-
tyrene, More recently, a water-soluble con-
ducting polyaniline has been reported, but
this is in fact a poly(aniline propylsul-
fonate) [2], Unsubstituted polyaniline pro-
duced by conventional electropolymeri-
zation or chemical oxidation, however, is
known to be highly insoluble.

The reason is that, although PANI is
considered to formed by the head-to-tail
coupling of aniline molecules and oligom-
ers to form a simple linear chain (Scheme),
the polymerization process is accompa-
nied by a number of side reactions. For
example, electrophilic substitution at the
ortho-position, which has been estimated
to account for 10% of all coupling reac-
tions [3], naturally leads to chain branch-
ing. Incidently, very high levels of chem-
ical cross-linking in PANI has been ob-
served when certain bi-functional species
such as para-phenylenediamine (PPDA)
have been introduced to the monomer
solution [4].
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Fig. 1. Polymerization scheme for obtaining sol-
uble polyaniline by low-temperature chemical
oxidation

Furthermore, physical cross-linking
may occur in the microcrystalline domain
where twoor more different polymerchains
become bound together [5]. This results in
a higher degree of polymer crystallinity
which can be observed by the improve-
ment in certain mechanical properties such
as tensile strength. The overall polymer
conductivity may also rise. However, due
to this crystal alignment, the overall poly-
mer solubility will normally suffer. This
can be explained by considering the rise in
cross-linking as an increase in the overall
size of the macromolecular entity which
consequently hinders the solvent from
forming aneffective solvation shell around
the polymer.

Typically, the side reactions which re-
sult in PANI chemical cross-linking have
activation energies that are substantially
higher than that needed for simple chain
propagation. Therefore, by lowering the
temperature of the reaction vessel forchem-
ical polymerization, all high-energy reac-
tions can be statistically suppressed, and
the polymer chains will have a predomi-
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nantly linear character. MacDiarmid and
coworkers [5] have already reported that
PANI samples prepared by chemical oxi-
dation at —=30° have molecular weights of
400.000 g/mol with no appearance of crys-
tallinity, During electrodeposition, how-
ever, the temperature affects only the an-
iline diffusivity so that lower tempera-
tures result in lower monomer concentra-
tions near the working electrode and thus
slower polymerization rates; no mac-
rostructural changes are expected.

Experimental

All chemicals were purchased from Fluka
and used as received, the sole exception being
aniline which was also doubly distilled under
reduced pressure. The aq. monomer soln., 0.2m
aniline/Im HCI, was deaerated with Ar for sever-
al h prior to polymerization. In the co-polymeri-
zation experiments, the monomer soln., further-
more, contained 5.0 x 10-*m PPDA. For low-
temperature polymerization, a second soln. con-
taining 0.2m ammonium peroxydisulfate (APD)
in M HCI was prepared and deaerated.

Forcomparison purposes, PANI samples were
made by standard cyclic sweep electropolymeri-
zation (denoted as echem-PANI) using a single
compartment 3-electrode cell under potentiostat-
ic control (PAR model 273 potentiostat) as de-
scribed in detail in [6]. The reference electrode
was a saturated calomel electrode (SCE) and a Pt
foil was used as the counter electrode. The work-
ing electrode substrate was a polished 1 em? Pt
foil for electrochemical characterization while
conductive indium tin oxide (ITO) glass slides
were used for the SEM investigation.

Room-temp. chemical oxidation was achieved
by adding 0.92 g (4 mmol) of APD to 20 ml of the
monomer soln. The rapid appearance of a dark
green color indicated that polyaniline (chem-
PANTI) had been formed. The resulting polymer
deposited onto 1TO slides which were suspended
in the reaction vessel while heating gradually to
35° to evaporate the solvent.

Low-temp. chemical polymerization was ac-
complished following the scheme shown in Fig.
. Prior to polymerization, the monomer and
APD solns. were first cooled to —10° in a dry ice
bath. Then, 10 ml of each soln. were mixed by
adding the APD soln. dropwise while keeping the
aniline soln. at —=5°. Over the following several h,
the formation of polymeric material was ob-
served. These large suspended particles were
thenrinsed withacetone and collected by vacuum
filtration to give an emerald-colored gel. The
polymer gel, converted to the base form by treat-
ment with conc. NH4OH which removed any
trapped counterions, then became rich blue. A
second rinsing process followed. This material
was then dried at 100° for 24 h to form a powder
which was readily soluble in N-methyl-2-pyrro-
lidone (NMP). Polyaniline films (1t-PANI) were
made from a 10% (by wt.) polymer soln. which
was heated to 130° in order to substantially raise
the viscosity so that the casting of thick films was
possible. The polymer-coated [TO slides (1 cm?)
were further baked at 100° prior to further char-
acterization.

SEM investigation was carried out with a
Cambridge Instruments model 360 scanning elec-

tron microscope. The quantity of electroactive
polymer present can be estimated faradaically by
the area of the oxidation peak centered at +200
mV in the voltammogram. For the comparison
SEM images shown in Fig. 4, this is ca. 3 mC/
cm?. All electrochemical characterization was
accomplished using the same 3-electrode system
as that employed for electrodeposition.

Results and Discussion

Electrochemical cycling of polyaniline
tilms produced by the three different po-
lymerization methods are shown in Fig. 2.
The 1t-PANT film (Fig. 2C) is quite elec-
troactive showing a well-defined redox
system between 0 and 250 mV with a
second system, although less pronounced,
at the anodic potential limit. This electro-
chemical behavior is markedly similar to
that of the electrodeposited polymer (Fig.
2A). Although the relative size of the re-
dox wave depends on the quantity of ma-
terial deposited, it is still quite clear that
the cyclic voltammograms of the chem-
PANI sample exhibit a much broader re-
dox system, indicative of slower transport
of charge carriers within the polymer ma-
trix.

It is already known that the type of
counterion employed can influence the
charge-transfer kinetics of the electrolyte
solution. During normal electrodeposition,
this effect can be observed by measuring
changes in the initial nucleation rate as a
function of the counterion employed. Com-
parison of the role of the counterion for the
electrochemical behavior of 1t-PANI is
shown in Fig. 3. Cyclic voltammograms
taken in Im HCIQ, (Fig. 3B) show much
greater peak separation for both polyaniline
redox systems indicating slower charge
exchange.

Electron micrographs comparing the
morphology of conventional echem-FANI
with that of It-PANTI are shown in Fig. 4.
The echem-PANI surface macrostructure
is highly fibrous in nature with an average
fiber thickness of ca. 100 nm. Further-
more, as Desilvestro and Scheifele (7]
have recently shown, this macrostructure
does not vary significantly with the coun-
terion employed. The morphology of
chem-PANI samples also show a fine fi-
brillar character [6]. The It-PANI films, on
the other hand, are extremely compact and
show no distinguishing features at low
magnification (Fig. 4A), while at higher
magnifications, the presence of a densely
matted structure is observed (Fig. 4C).
Correlating morphology with the observed
electrochemical behavior, we can con-
cludethatcharge transfer can occur through
the bulk of the polymer material rather
than exclusively at the polymer-electro-
lyte interface.
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Fig. 2. Cyclic voltammograms obtained: (A)
during the electrochemical polvmerization aof
aniline; (B) following standard chemical prepa-
ration of PANI; and (C) following low-tempera-
ture chemical preparation of soluble PANI. Note:
(B) and (C) were cycled in Im HCL
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Fig. 3. Characteristic cvelic voltammograms of
polyaniline free-standing films obtained follow-
ing low-temperature chemical prepuaration of
soluble PANI where the electrolyte is: (A) Im
HCl; and (B) Im HCIO4



FORSCHUNG

492

Fig. 4. SEM Micro-
graphs at three mag-
aifications of: (A, C,
E) a cast polyaniline
film (~ 3mC/cm?)
which has been pro-
duced by low-temper-
ature chemical oxida-
tion; and (B, D, F)
PANI sample (~30
mC/cm?) obtained by
electrochemically cy-
cling a 0.2m anilinel
Im HCl agueous so-
lution between 180
und +780mV. Inboth
cases, the substrate
was ITO glass.

Fig. 5. SEM Micro-
graphs of a cast pol-
ymerfilmmade from
the low temperature
chemical oxidation
of an agueous 0.1m
anilinellm HCl s0-
lution containing 2.5
x 10m para-phe-
nylene diamine.
Substrate was 1TO
glass.

Using the above method for producing
1t-PANI, thick polymer films may be cast
which, when placed in acidic soln., can
easily be detached from the substrate to
give free-standing films. Gustafsson and
co-workers [8] have used a similar recipe
to make PANI-based electrodes which
provide hole-injection for LED devices.
Klavetter and Cao [9] have shown that
following the initial oxidation and de-
doping processes, the It-PANI gel may be
transferred to a nonaq. CH;Cl soln. con-
taining a small amount of dodecylbenzyl-
sulfonic acid. This polymer is highly sol-
uble in xylene. Incidently, neither echem-
PANI nor chem-PANI showed any in-

crease in solubility in the presence of
surfactants such as dodecylbenzylsulfon-
ic acid, sodium dodecyl sulfonate, or 7ri-
ton-X100.

it has already been reported that small
amounts of para-phenylene diamine
(PPDA) added to the aniline monomer
solution can greatly affect the resulting
polymer either during electrochemical [4]
or chemical [6] polymerization, Due to the
lower oxidation potential of PPDA, the
rate of aniline polymerization is greatly
accelerated and the two amino groups
offer themselves to chemical cross-link-
ing within the polymer matrix. The final
polymer morphology becomes much more
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fibrous, with the single fiber diameter be-
ing ca. 1/10 as thick as in a normal PANI
fiber.

When low-temperature polymerization
is attempted in the presence of 5 x 10m
PPDA, the rather flat macrostructure is
replaced by a morphology containing is-
lands of fibrous growth (see Fig. 5). Fur-
thermore, there is no noticeable incuba-
tion period; instead, green polymer prod-
uct is observable immediately after the
APD solution is first introduced. The po-
lymerization acceleration effect of PPDA
is, therefore, clearly maintained at low
temperatures.

Conclusions

While conventional chemical prepara-
tion of polyaniline offers a means for
producing the polymer in bulk, the result-
ing polymer shows slower charge transfer
than that of electrodeposited PANI. Low-
temperature chemical preparation of PANT,
however, produces nearly the same elec-
trochemical behavior. Furthermore, It-
PANI is soluble in NMP and can, there-
fore, be used to cast free-standing films
which would be directly applicable to sec-
ondary batteries.
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