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The protonation of polyaniline (PAN) by a non-volatile acid, H,SO,, has been studied by X-ray
photoelectron spectroscopy. The amount of acid incorporated can be effectively varied by varying the
synthesis conditions. At a sulphate/monomer ratio of >0.5, both the HSO, anion and adsorbed molecular
H,SO, can be quantitatively differentiated in the S2p core-level spectrum. The Nis core-level spectrum
indicates that the amine units of the emeraldine oxidation state of PAN are also susceptible to protonation

in the presence of excess H,SO,.
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Introduction

The synthesis and characterization of electroactive
polymers have become two of the most important areas
of research in polymer science during the past decade!.
Of these polymers, polyaniline (PAN) has been of
particular interest because of its high electrical
conductivity, environmental stability, interesting redox
properties associated with the chain nitrogens®>, and
more recently, its solution processibility* and partial
crystallinity®®. The ability of PAN to achieve its highly
conductive state either through protonation of the
emeraldine base (EM, containing 50% =N- units) or
through oxidation of the fully reduced leucoemeraldine
(LM, containing 100% —NH- units) has been used to
illustrate the ‘new concept’*? in conducting polymers.
Recently, it has been demonstrated that this ‘new
concept’ can also be extended to polypyrrole”.

A large number of X-ray photoelectron spectroscopy
(X.p.s.) studies has been devoted to the investigation of
protonation in PAN3-!4, Qur recent studies!>'!® have
also demonstrated that the quinonoid imine, benzenoid
amine and positively charged nitrogens in a PAN
complex correspond, respectively, to peak components
with binding energies at about 398.1, 399.3 and
>400.5¢V in the properly curve-fitted N1s core-level
spectrum. The majority of the protonation studies in
PAN involves the use of HCl as the protonic acid.
Relatively few studies!®!” have been devoted to
protonation by H,SO,, although PAN!# has been found
to be processible from concentrated H,SO,. An earlier
study'® has also suggested that the use of non-volatile
acids, such as H,SO,, can result in the presence of an
adsorbed acid film on the polymer surface. Accordingly,
it should be important to carry out a careful study on
the protonation of PAN by H,SO,, using X.p.s. as a
primary surface analytical tool.
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Experimental

The sulphate salts were prepared via the oxidative
polymerization of aniline by ammonium persulphate in
aqueous H,SO, similar to the method reported® for
the synthesis carried out in HCI. The total sulphate (both
as the sulphate anion and as free H,SO, ) incorporated
into the complex was controlled by varying the H,SO,
concentration used during polymerization and the
treatment of the complexes after polymerization. The EM
base was obtained via the treatment of the complex with
excess 0.5 M NaOH. The synthesis conditions for the
samples studied in this work are summarized in Table 1.

X.p.s. measurements were carried out on a VG
ESCALAB MKII spectrometer with a MgKa X-ray
source (1253.6 eV photons). The X-ray source was run
at a reduced power of 120 W (12kV and 100 mA) and
at a take-off angle of 75°. The samples in powder form
were mounted on the sample studs by means of
double-sided adhesive tape. All binding energies (BEs)
were referenced to the Cls neutral carbon peak at
284.6 ¢V. In curve-fitting, the widths (full width at half
maximum) of the Gaussian peaks were maintained
constant for all components in a particular spectrum.
Surface elemental stoichiometries were obtained from the
peak area ratio corrected with the experimentally
determined sensitivity factors and agreed to within
+10% with those obtained from chemical analysis.

Results and discussion

Since all of the present PAN/sulphate complexes are
fairly conductive, no sample charging was observed and
the main Cls component of the complexes appears at
about 284.6 eV. Figures la—h show the respective Nls
and S2p core-level spectra for the four PAN/sulphate
complexes shown in Table 1. For complexes with S/N
ratios of > 0.5, the S2p core-level spectra are best resolved
with at least two spin-orbit split doublets (S2ps,, and
S2p,,,), with BEs for the S2p,, peaks at about
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Table 1 Synthesis conditions for the various PAN/sulphate complexes

Complex composition Conductivity

Sample Synthesis conditions (S/N ratio)* (Scm™1)
1 Synthesized with 1 M H,SO,, followed by partial

deprotonation with 0.1 M NaOH 0.20 7 x 1072
2 Synthesized in 1 M H,SO,, washed with 0.1 M H,SO, 0.52 2

Synthesized in 2 M H,SO,, washed with 0.1 M H,SO, 0.74 1

EM base dissolved in conc. H,SO, and reprecipitated

from 0.5 M H,SO, 1.74 0.1

“Determined from the corrected S2p and N1s X.p.s. core-level spectral area ratios
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Figure 1 Nts and S2p X.p.s. core-level spectra of PAN/sulphate
complexes with surface S/N ratios of: (a) and (b) 0.20; (c) and (d)
0.52; (e) and (f) 0.74; (g) and (h) 1.74

168.3 + 0.1 and 169.3 + 0.1 V. The former is attributable
to sulphate anions'®2°, and the latter, the proportion of
which increases with increasing S/N ratio, is associated
with the adsorbed molecular H,SO, on the polymer
surface. This is readily confirmed by the fact that for
H,SO, adsorbed on graphite, the S2p core-level
spectrum reveals the presence of a single environment
with a S2p,,, BE at about 169.4 eV. The assignment is
also consistent with the observation that no appreciable
amount of adsorbed H,SO, is present for complexes with
S/N ratios substantially below 0.5 and with a significant
amount of the imine nitrogens remaining unprotonated
(Figures la and b). Furthermore, for this partially
deprotonated complex, the S2p,,, BE for the sulphate
anion is shifted to a slightly lower BE of 167.9 eV. This
is probably attributable to the fact that in the partially
deprotonated sample the sulphate anions exist in a less
positive environment.

The Nls core-level spectra suggest that the imine
component with a BE of about 398.1 eV is observed only
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in the partially deprotonated sample. For complexes with
S/N ratios of >0.5, all the imine components of the EM
oxidation state have been protonated. The Nls
core-level spectra reveal the presence of only the amine
component at a BE of about 399.3 ¢V and a high BE tail
attributable to the positively charged nitrogens. Table 2
summarizes the proportions of the various sulphate and
nitrogen species for the PAN/sulphate complexes shown
in Figure 1. The data in Table 2 readily indicate that after
quantitative differentiation of the sulphate anion and
molecular H,S0,, a fairly close balance between the
sulphate anion/N ratio and the proportion of the
positively charged nitrogens is observed for all samples
studied. Thus, from charge neutrality considerations, the
sulphate anion in the present PAN complexes must exist
predominantly as monovalent sulphate species or the
HSO, species.

For complexes with moderate S/N ratios (samples 2
and 3 in Table 2), the proportion of positively charged
nitrogens and the anion/N ratio remain relatively
constant at around 0.5, despite the observations that all
the imine units have been protonated and the complexes
still contain excess molecular H,SO,. These are
consistent with the general belief that protonation occurs
preferentially through the imine repeating units®>.
However, for complexes with high S/N ratio, such as
sample 4 in Table 2, the proportion of the amine nitrogens
has decreased substantially below 0.5 and about
three-quarters of the total nitrogens has become
positively charged. This amount of positively charged
nitrogens is consistent with an observed sulphate
anion/N ratio of about 0.75 for the complex. These
results readily suggest that at high H,SO, loading, a
substantial amount of the amine units must have also
been protonated. The presence of protonated amine
nitrogens is further supported by the following evidence.
Treatment of sample 4 in Table 2 with excess 0.5 M
NaOH readily results in the removal of all the sulphate
anions and molecular H,SO,. The Nls core-level
spectrum of this NaOH treated sample is not unlike that
of the EM base, with about equal amounts of the imine
and amine units, as shown in Figure 2. Thus, the intrinsic
structure or the oxidation state of the EM base is not
significantly altered upon treatment with concentrated
H,S0, and the accompanying protonation of the amine
units. An earlier study'® has also suggested that the fully
oxidized PAN is stable in concentrated H,S0O,.

Most of the studies on the protonation of the EM base
in PAN involved equilibrating the polymer base in a
volatile acid medium, HCl in particular. In this case,
protonation occurs preferentially at the imine units to
give rise to a complex with a Cl/N ratio of about 0.5,
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Table 2 X.p.s. results and compositions of the various PAN/sulphate complexes

Proportion® of

Total S/N
Sample” ratio HSO; H,S0,
1 0.20 1.0 0.0
2 0.52 0.83 0.17
3 0.74 0.70 0.30
4 1.74 0.43 0.57

Ratio of Proportion® of
HSO; /N H,S0,/N =N- ~NH- N*
0.20 0.0 0.23 0.54 0.23
043 0.09 0.0 0.55 0.45
0.52 0.22 0.0 0.49 0.51
0.75 0.99 0.0 0.27 0.73

“The sample numbers correspond to those in Table /
*From the curve-fitted $2p core-level spectra
‘From the curve-fitted N1s core-level spectra
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Figure 2 N1s core-level spectrum of an EM /sulphate complex (initial
S/N = 1.74) after treatment with excess 0.5 M NaOH

leaving most of the amine units untouched. An earlier
report® has predicted only a small proportion (~3.6%)
of protonated amine sites at pH ~ 0. Thus, it should be
emphasized that protonation of the amine nitrogens in
the EM base of PAN is likely to be observed only when
the samples are loaded with excess amounts of
non-volatile acids.

Protonation of the amine nitrogens in the polysemi-
quinone form of PAN would convert some of the -NH-
groups to —N*H,— groups. This would probably
destabilize the polymer by reducing the extent of its
n-conjugation®!. Alternatively, the presence of the
protonated amine structure may interfere with the
formation of polarons and bipolarons and result in the
interruption of the order of the polaron lattice??. As a
result, the electrical conductivity of the complex with a
high H,SO, loading and a high proportion of the
protonated amine units is substantially lower than that
of the EM salt. A similar result has also been reported
for the self-doped PAN when over half of the rings of
the EM base are sulphonated?>.

Conclusions

It has been demonstrated that X.p.s. provides a
convenient tool for the study of the surface adsorbed
species in PAN arising from protonation by non-volatile

acids, such as H,S80,. X.p.s. also provides direct evidence
that the amine units of the EM oxidation state of PAN
are also susceptible to protonation in the presence of a
large excess of incorporated protonic acid.
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