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ABSTRACT: Polyaniline base was protonated by blending with camphorsulfonic and picric acids in the
solid state. The electrical conductivity of the equimolar mixture was more than 107 times higher compared
with the conductivity of components used for blending. The electrical conductivity still increased several
times after heating of mixtures to 85 °C. The protonation is reflected by the changes in the infrared
spectra. The dependences of the electrical conductivity on the composition of blends differ for the partly
protonated polyaniline and mixtures of protonated polyaniline with an excess acid.

Introduction

The protonation of polyanilinel? (PANI) with organic
acids can be used for the preparation of electrically
conducting polymers with improved processibility.3*
Sulfonic acids have often been employed for the prepa-
ration of soluble products: Polyaniline dodecylbenze-
nesulfonate was reported to be soluble in toluene,3*
PANI protonated with p-phenolsulfonic acid in dimethyl
sulfoxide,® etc. Protonations of polyaniline base with
cresolsulfonic acid,® p-toluenesulfonic acid,”® methane-
sulfonic acid,®~11 and other sulfonic acids?* were used to
produce electrically conducting polymers partly soluble
in various solvents. Polyaniline protonated with cam-
phorsulfonic acid (CSA) has a good solubility in
m-cresol 3411713

Electrical conductivity of films cast from solutions of
polyaniline camphorsulfonate (PANI—-CSA) in
m-cresol,41214-16 5 ~ 102 S cm™1, is about 2 orders of
magnitude higher than that of polyaniline protonated
with mineral acids,68141718 5 ~ 10-1-10' S cm~%, and
other organic acids.* This observation raised an interest
in understanding the conduction mechanism of these
materials.1%20 Also optical properties?® and morphol-
ogy?? of PANI—CSA have been recently investigated.
Camphorsulfonic acid has therefore been selected for the
present study of PANI protonation.

We have recently observed that, besides sulfonic
acids, picric acid (PA; 2,4,6-trinitrophenol) also proto-
nates polyaniline base and yields an electrically con-
ducting polymer. Picric acid is often used for the
identification of amines in organic chemistry; picrates
are compounds of defined melting points. 2,4,6-Trini-
trophenol is an example of an acid which contains
neither a sulfonic nor a carboxyl group. In this case,
the proton is easily released from the hydroxy group due
to the reduced electron density on the oxygen atom. The
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mesomeric effect of the aromatic system containing
three nitro groups (attracting electrons) is thus respon-
sible for the acidity, which is comparable with that of
mineral acids. Polyaniline picrate (PANI—PA) is soluble
in dimethyl sulfoxide. Protonation of the PANI base
with CSA and PA are compared in this paper.

Levon et al.?® as well as other authors?*~26 have
reported that protonation of polyaniline base with liquid
dodecylbenzenesulfonic acid (DBSA) can be made by
blending both components in the absence of auxiliary
solvent and by subsequent heating to 80—150 °C. The
acid was found to protonate polyaniline in stoichiometric
ratio.?® Also Cao et al.# have observed the conductivities
as high as 20 S cm™1 for equimolar blends of polyaniline
base with various sulfonic acids prepared in the solid
state and then treated for 1 min at 165 °C. Solid-state
protonation has often been used in the case of the PANI
base and CSA,341227.28 however, this fact has not been
stressed, because the blends were further treated with
solvents. Matveeva?® has recently discussed the reac-
tion of polyaniline base with hydroguinone and con-
cluded that there is no substantial difference between
the “dry” solid-state blending and “wet” protonation in
the presence of solvent.

Although the theory of the reactivity in solid-state
chemistry has still to be formulated, chemical reactions
in solids are of substantial practical interest.3? With
polymers, the interchain transesterification during solid-
state processing of aromatic copolyesters3! may serve
as an example. Dry blending of polyaniline with organic
acids allows one to set the proportion between the
polyaniline base and an organic acid? and, conse-
quently, to control the degree of protonation. This
procedure seems to be an alternative to a protonation
of polyaniline base by its treatment with dilute mineral
acids of varying acidity.17.32-38

Emeraldine base is converted in the presence of acids,
e.g., CSA or PA, into the protonated emeraldine form
of polyaniline (Figure 1).3%40 The proton from the acid
becomes attached to the imine nitrogen of the base and
the positive charge on polyaniline chain is balanced by
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Figure 1. Scheme of the protonation of PANI base with acids.

Table 1. Electrical Conductivity, ¢, Molar Mass, M, and
Density, d, of Components at 20 °C

a, M, dz?

Scm™! gmolt gcm=3
camphorsulfonic acid 1.3 x 1078 232.30 1.35
picric acid 5.0 x 10715 229.10 1.76
polyaniline base 43 x 1079  181.22¢ 1.19

413.52¢ 1.24
410.32¢ 1.46
230.26° 1.43

a Density of PANI (£0.01 g cm~3) calculated from mass and
dimensions of pellets. P Conductivity of equimolar mixture of PANI
base with an organic acid (after heating at 85 °C for 1 h). Average
value from three samples. ¢ Molar mass of the constitutional
repeating unit of PANI.3° d As prepared, before conversion to the
base.

polyaniline camphorsulfonate  0.047°
polyaniline picrate 0.12°
polyaniline sulfated 8.9

the anion of acid. The protonated quinonediimine
structure converts into the benzenoid one by injection
of an electron from nitrogen into the neighboring ring.*
The remaining unpaired electron on the nitrogen is
responsible for the electrical conductivity of the proto-
nated PANI, while both reaction components, poly-
aniline base and organic acid, are virtually nonconduct-
ing (Table 1). The solid-state protonation of the PANI
base with organic acids, CSA and PA, and the resulting
changes in the electrical conductivity are reported in
this paper.

Experimental Section

Polyaniline. Polyaniline was prepared by chemical oxida-
tion of aniline with ammonium peroxodisulfate. Aniline (37.3
g, 0.4 mol) was dissolved in 284 mL of water, and 280 mL of
5 M sulfuric acid (=1.4 mol) was added. The mixture was
stirred at room temperature until the precipitated aniline
sulfate dissolved. The polymerization was started by addition
of 400 mL of aqueous 1 M ammonium peroxodisulfate (91.2 g,
0.4 mol) solution at room temperature. The concentrations of
components thus were as follows: 0.4 M aniline, 0.4 M
ammonium peroxodisulfate, and 1.4 M sulfuric acid. The next
day the mixture was diluted with water, and the precipitate
was separated by filtration, treated with an excess of 1 M
ammonium hydroxide, and washed with acetone. The result-
ing polyaniline (emeraldine) base was dried at 60 °C in vacuo.

Acids. (+)-Camphor-10-sulfonic acid (Fluka, Switzerland;
purum, water content 3.4 wt %) was dried for 1 week over
phosphorus pentoxide in vacuo. The moisture content was
then <0.1 wt %. Picric acid*? (2,4,6-trinitrophenol; Fluka,
Switzerland; puriss., delivered as a suspension in water) was
dried in the air; the picric acid used for blending contained
4.0 wt % of water, and the composition of blends was corrected
for its content.

Solid-State Protonation of Polyaniline Base. The
polyaniline base and organic acid were mechanically blended
with a pestle in an agate mortar for 15 min. The basic
characteristics of components are given in Table 1. From the
weight fraction of organic acid in blends, wa, its molar fraction
(in mixture with constitutional repeating units® of the PANI
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base) was calculated as xa = WaMg/[wa(Mg — Ma) + Ma], where
M are molar masses of components (subscript A refers to acid
and B to PANI base).

There are two cases, which should be discussed separately.
When acid is in molar deficit, xo < 0.5 (case 1), it is consumed
in the protonation of the polyaniline base. Assuming the
quantitative reaction between the components, the molar
fraction of protonated units, xp, increases with increasing
fraction of acid introduced to the system until xa = 0.5 when
the protonation becomes complete, xp = 1. When an excess
acid is introduced above equimolar concentration of compo-
nents, xa> 0.5 (case Il), the degree of protonation does not
further change, and the acid acts as a mere diluent of
protonated polyaniline. The molar fraction of protonated
polyaniline units in the system, xp, is thus going to decrease
again as the acid content grows.

Case I: Polyaniline Units in Molar Excess and Acid
in Deficit, xa < 0.5. Let n be the total number of moles of
both components. The mixture thus contains na = xah moles
of acid and ng = (1 — xa)n moles of polyaniline base units. If
the components react quantitatively, all acid becomes con-
sumed in protonation of the PANI base units and the system
is thus composed of unprotonated and protonated PANI
constitutional units. Total number of moles present after the
protonation is equal to the number of moles of the original
base units, ng. Of these, na moles of units are protonated by
reaction with an acid. Molar fraction of the protonated units
(=degree of protonation) is thus xp = na/Ng = Xa/(1 — Xa) fOr xa
< 0.5.

Case Il: Acid in Molar Excess, xa = 0.5. In contrast to
the previous case, all polyaniline base, (1-xa)n moles, becomes
protonated. The mixture is thus composed of the protonated
PANI and excess acid. The total humber of moles in the
system is given by the number of moles of an acid, xan, which
is either free or exists as a part of the PANI protonated units.
Molar fraction of protonated PANI is then xp = (1 — Xa)/Xa for
Xa = 0.5.

Electrical Conductivity. About 250 mg of the blend was
pressed into a pellet (13 mm diameter) with a manual
hydraulic press at 700 MPa. The pellets were heated for 1 h
to 85 °C, unless specified otherwise. The four-probe measure-
ment based on the van der Pauw theorem*® was used for the
samples with an electrical conductivity of 0 >10°3 Scm™1. A
digital multimeter Solartron-Schlumberger 7841, Keithley 220
current source, and Keithley 705 scanner with Keithley 7052
matrix scanner card were used in the experimental setup. The
contacts in the sample holder were made from silver—pal-
ladium alloy. Gold electrodes were deposited on less conduct-
ing pellets, o <1073 S cm™?, and the conductivity was calculated
from the volume resistivity and geometry of samples. The
Keithley 6517 electrometer connected by triaxial cable with a
metal box enclosing the sample holder was used in this case.

Infrared Spectra. Polyaniline samples were dispersed in
potassium bromide and compressed into pellets. Fourier
transform infrared (IR) spectra were recorded with a fully
computerized Nicolet Impact 400 instrument (200 scans per
spectrum at 2 cm~! resolution). The spectra were corrected
for humidity and carbon dioxide in the optical path.

Results and Discussion

Solid-State Blending and Heat Treatment. When
powdered polyaniline base is mechanically blended with
a solid organic acid, an electrically conducting product
is obtained. While the electrical conductivity of the
PANI base is of the order of 107° S cm~1 (Table 1), the
equimolar mixture of the base with an organic acid (56
wt % of CSA or PA, as both acids have nearly the
same molar mass, cf. Table 1) has a conductivity of
1072 Scm™1, i.e., 7 orders of magnitude higher. When
the blends were heated to 85 °C, the conductivity
measured again at 25 °C increased 1.4 times for blends
with CSA and 8.9 times for mixtures with PA (Figure
2). The PANI-CSA displayed during heating a well-



2220 Stejskal et al.

/0/8/

O/ PANI-PA

1 0-2 1 L 1 " 1 L 1 "
20 40 60 80 100

T,°C
Figure 2. Electrical conductivity, o, of equimolar blends of
the PANI base with camphorsulfonic acid (®) and picric acid

(O) during heating and subsequent cooling. Heating/cooling
rate: 20 °C/h.

reproducible local minimum of the conductivity at 55—
60 °C (Figure 2), similar to that observed with PANI
protonated with DBSA?242% and possibly associated with
changes in morphology of blends. The temperature to
which samples were exposed in this experiment was
lower than the melting point of organic acids (mp 195 °C
for CSA and 122 °C for PA). The heat evolution was
observed at 80—90 °C in the first heating of the samples
by differential scanning calorimetry (at >150 °C for
PANI protonated with DBSAZ26), while this effect was
absent during the repeated run.

During the mechanical blending, protonated PANI is
produced at the interfaces between particles of the
polyaniline base and crystals of the organic acid. In the
resulting material, the continuous conducting phase
formed by these interfaces is filled with insulating areas
of unreacted components (PANI base and/or organic
acid). After heating, the enhanced diffusion of compo-
nents enables them to react further, until one of the
components becomes consumed (or both components, at
their equimolar ratio) and the conductivity becomes
higher. The decrease in the conductivity observed
during cooling (Figure 2) is due to the positive temper-
ature coefficient of PANI conductivity.11:37.44-46

The heating of equimolar mixtures to 85 °C for 1 h
was found to provide the products with the highest
electrical conductivity. Neither prolonged exposure to
85 °C nor the treatment at 100 °C has further improved
the conductivity. Heating at 120—140 °C for 1 h
produced samples with lower conductivities compared
with those treated at 85 °C.

The electrical conductivities of the samples are little
dependent on the methods of their preparation. Blend-
ing of components for 5 min was found to be sufficient
to obtain an electrically conducting product, and blend-
ing for another 10 min improved the conductivity only
marginally. Nevertheless, all samples were carefully
homogenized for 15 min to achieve a good uniformity of
products. The same electrical conductivity was found
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Figure 3. FTIR spectra of PANI sulfate, the corresponding
PANI base, and the PANI base reprotonated in the solid state
with an equimolar amount of CSA. The spectra were vertically
shifted for clarity.

when the blends were first heated and then pressed into
pellets or if the pellets were prepared and only later
exposed to elevated temperature. Both the prolonged
mechanical blending and the application of pressure are
connected with the evolution of heat. Consequently,
they may produce a similar effect like the exposure of
the sample to the elevated temperature and thus
somewhat increase the electrical conductivity.

Infrared Spectra. Although the fact that electri-
cally conducting products are obtained after blending
of the PANI base with organic acids is the most
conclusive proof of the protonation, the supporting
evidence can be found in the IR spectra. The IR
absorption spectrum of PANI sulfate (Figure 3), ob-
tained after polymerization, is in a good agreement with
previously reported results.47-4% (The absorption bands
at 1056 and 1400 cm™! are attributed to the sulfate
anion). The 1593 and 1498 cm~! modes in the PANI
base (consistent with quinone and benzene ring defor-
mations) show a red shift to 1569 and 1480 cm~! in the
PANI sulfate. In the spectrum of PANI base, the 1308
cm~! band is assigned to the C—N stretch of secondary
aromatic amine and 832 cm~! band to an aromatic C—H
out-of-plane bending vibration. In the region 1010—
1170 cm~! aromatic C—H in-plain bending modes are
usually observed. The band characteristic of the con-
ducting protonated form is observed at 1237 cm~1 in the
spectrum of PANI sulfate. It has been interpreted as
originating from a bipolaron structure, related to the
C—N stretching vibration.® The band at about 1610
cm™1 is believed to be influenced by the deformation
vibration of residual water molecules in PANI or in the
KBr matrix.

The most prominent change of the spectrum of the
PANI base after solid-state protonation with an equimo-
lar amount of CSA is the red shift of peaks at 1593 and
1498 cm™? to 1570 and 1489 cm~! (Figure 3) and the
increase in absorption at 1239 cm~! corresponding to
the bipolaron structure. The spectum of PANI-CSA
exhibits all characteristic peaks observed in PANI
sulfate, thus confirming the ability of CSA to protonate
the PANI base (Figure 3; the bands at 1048 and 1740
cm™! in PANI—CSA belong to the sulfonic group and
carbonyl vibration in CSA).

After protonation of the PANI base with picric acid
at equimolar proportion, the 1593 and 1498 cm~! bonds
are similarly red-shifted to 1558 and 1483 cm~* (Figure
4) and the increase of the 1241 cm~1 band, characteristic
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Figure 4. FTIR spectra of the PANI base protonated in the
solid state at equimolar proportion with picric acid (as
prepared and after heat treatment) and the comparison to the
protonation of PANI with CSA.
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Figure 5. Electrical conductivity, o, of the PANI base blended
in the solid state with camphorsulfonic acid (full symbols) and
picric acid (open symbols) in dependence on molar fraction of
acid, xa, for acid in deficit (case I, xa < 0.5, circles) and acid in
excess (case Il, xo > 0.5, triangles).

of the protonated form of PANI, is observed. (The bands
belonging to PA, especially vibrations of nitro groups,
are also present in the spectrum of PANI—PA.) The
heating of the blends (1 h at 85 °C) has no discernible
effect on the spectrum of PANI-CSA, and also the
changes of the PANI—PA spectrum are marginal (Fig-
ure 4). The red shift of absorption peaks of nitro groups
of PA after its protonation reaction with the PANI base
should be noted (Figure 4). It indicates a more intimate
interaction between the PANI base and PA, possibly
based on the charge-transfer complex of both compo-
nents. After reaction of the PANI base with acids, an
increased absorption above 2000 cm™1, characteristic of
protonated PANI,*° has been observed.

Electrical Conductivity. The dependence of the
electrical conductivity on the composition of blends is
similar for protonation both with CSA and PA (Figure
5) despite of diverse chemical nature of these acids.
Even though the chemical reaction between the poly-
aniline base and an organic acid proceeds in the solid
state, smooth dependences of conductivity on composi-
tion of mixtures are obtained. The maximum electrical
conductivity is observed, as expected, in the vicinity of
an equimolar composition of mixtures (xa = 0.5).

The difference between the gradual protonation of
polyaniline base with increasing acid content (case I,
Xa< 0.5) and the dilution of the protonated form with
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Figure 6. Electrical conductivity, o, of PANI base blended in
the solid state with (a) camphorsulfonic acid (full symbols) and
(b) picric acid (open symbols), in dependence on calculated
molar fraction of protonated PANI, xp, for acid in deficit (case
I, xa < 0.5, circles) and acid in excess (case IlI, xa > 0.5,
triangles).

an excess acid (case Il, xa > 0.5) is more clearly seen
when the electrical conductivity is plotted against the
calculated molar fraction of protonated units in the
system, xp (Figure 6). In the former case, the conduc-
tivity increases as the protonation proceeds, without any
indication of the percolation threshold. In the latter,
the existence of the percolation threshold can be traced
to the range of high acid content (i.e., at a few mole %
of protonated polyaniline (Figure 5)). Such a low
percolation limit has been reported for the blends of
PANI with crystalline substances, like ammonium
sulfate,*® where the electrically conducting phase is
forced into the space between insulating crystals. Analo-
gous behavior thus may be anticipated for the proto-
nated PANI embedded into the matrix of a crystalline
nonconducting organic acid (Table 1). The nonuniform
distribution of the conducting component results in a
much lower percolation limit compared with 16—17 vol %
Scher—2Zallen criterion® predicted for the uniformly
distributed system of spherical particles.

Conclusions

Polyaniline base can be protonated with organic acids
by blending of both components in the solid state. The
electrical conductivity increased by 7 orders of magni-
tude after blending of acid and base at equimolar
proportion and still increased after their heating at 85 °C
for 1 h. Besides sulfonic acids, e.g., camphorsulfonic acid,
picric acid (2,4,6-trinitrophenol) can also be employed
for the solid-state protonation of polyaniline. The
structural changes induced by the protonation are
reflected in infrared spectra. The extent of protonation
can be changed, and thus the electrical conductivity
controlled, by varying the composition of blends.
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