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ABSTRACT: The structural changes associated with the protonation of polyemeraldine base 
by various protonic acids were studied by X-ray photoelectron spectroscopy (XPS). The imine, 
amine and positively charged nitrogen corresponding to a particular oxidation state and pro
tonation level were quantitatively differentiated in the properly deconvoluted NI s core-level 
spectrum. The actual degree of protonation in the HCI and HBr complexes was determined from 
the halogen anion core-level component. The anion in the H 2SO4 complex was found to be the 
monovalent HSO4 - species. Treatment of the HBr, HNO3 , and H2SO4 protonated polyemeraldine 
with HCI readily resulted in the exchange of the anion species. 
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Recent interest in the electroactive poly
mers1 has resulted in renewed interest2 - 4 in 
the century-olds aniline family of polymers. 
The conductive polyaniline complexes can be 
prepared either by chemical4 or electrochemi
cal6·7 polymerization and oxidation. The poly
mers are basically poly(p-phenylene amine 
imine)s in which the oxidation state of the 
polymer can be varied from the fully reduced 
poly(p-phenylene amine) or "leucoemeral
dine" to the fully oxidized poly(p-phenylene 
imine) or "pernigraniline". The 50% oxidized 
polymer has been termed an "emeraldine 
base". Each oxidation state can exist in the 
form of its base or protonated form by treat
ment of the base with an acid.2·3 

The structures of the polyaniline complexes 
have been studied by various analytical tech
niques.8 - ii A number of oligomeric model 
compounds of aniline have also been investi
gated.12 -is A number of recent reports have 
been devoted to the use of electron spectros
copy for chemical analysis (ESCA) or X-ray 
photoelectron spectroscopy (XPS) technique 

to characterize polyanilines.7·12·16 - 19 How
ever, the chemical structure associated with 
a particular redox state, such as the rela
tive amounts of benzoid amine, quinoid im
ine and positively charged nitrogen, has yet 
to be determined quantitatively and unam
biguously. The present XPS study indicates 
that the three nitrogen species can be quanti
tatively differentiated in the N 1 s core-level 
spectrum. This allow the investigation of struc
tural changes associated with protonation and 
deprotonation of polyaniline. 

EXPERIMENTAL 

Polymer Samples 
Polyemeraldine hydrochloride was prepared 

as a dark green powder by the oxidative 
polymerization of aniline in 1.2 M aqueous 
HCl with ammonium persulphate, according 
to the method published in the literature.2 - 4 

The product was deprotonated to various de
grees or to the polyemeraldine base by treat
ment with varying amount of 0.1 M NaOH. 
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The polyemeraldine base was then reproto
nated to various extents by equilibrating the 
base in aqueous HCl solutions at various pH. 
All samples were dried under reduced pressure 
for at least 48 h before use. The electrical 
conductivity of the samples was measured 
using the standard collinear four-probe and 
two-probe techniques on compressed pellets. 
For comparison purposes, polymerization and 
protonation were also carried out in other 
pro tonic acid media, such as aqueous HBr, 
HNO3 , and H2SO4 , following the same pro
cedures described ,above. 

XPS Measurements 
XPS measurements were carried out on a 

VG ESCALAB Mkll spectrometer with a 
MgKc,: X-ray source (1253.6eV photons). The 
powder samples were mounted on sample 
studs with a double-sided adhesive tape. All 
core-level spectra were referenced to the Cls 
neutral carbon peak at 284.6eV. The X-ray 
power supply was run at 12kV and l0mA. 
Pressure in the analysis chamber during the 
scans was approximately 10-s mbar or less. 
All core-level spectra were curve-fitted with 
Gaussian component peaks. The peak width 
(full width at half maximum or f.w.h.m.) was 
maintained constant for all components in a 
particular spectrum. The peak area ratios for 
various elements were corrected by experimen
tally determined instrumental sensitivity fac
tors and may be subjected to ± 10% error. 
Since the surface compositions for all of the 
samples studied agreed fairly well with the 
bulk compositions obtained from chemical 
analysis, the present XPS results should be 
representative of bulk properties. 

RESULTS AND DISCUSSION 

Profanation by HCI 

The majority of studies on the protonation 
of polyaniline involve the use of hydrochloric 
acid. Previous XPS studies have shown that 
the N 1 score-level spectrum of the polyemeral-
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dine base consists of a broad peak with a line 
width (f.w.h.m.) in the order of 2.4eV.16·17 

Upon protonation with HCl, the line width is 
substantially reduced and a high binding en
ergy (B.E.) shoulder or tail becomes prom
inent.16 -is 

Figure l(a) to Figure l(d) show the Nls 
XPS core-level spectra of polyemeraldine at 
various extent of protonation by HCI. The 
extent of HCl incorporation in each sample 
was determined from the ratio of chlorine and 
nitrogen peak area, after correcting with in
strumental sensitivity factors. Three inequiva
lent nitrogens can be discerned in the Nls 
spectrum of each complex. The two major 
peaks at B.E. of 399.3 ± 0.1 eV and 398.1 ± 
0.1 eV and with a line width of l.60eV are 
assigned to the amine and imine structures, 
respectively, based on the supporting evidence 
given below. First of all, one would expect a 
more electron-rich environment for the imine 
nitrogen and thus a corresponding lowering of 
the observed B.E. In the case of polyemeral
dine base (Figure l(a)), the two major com
ponents have nearly the same area, suggesting 
that about equal amounts of imine and 
amine nitrogens are present in the polyemeral
dine base. This is in agreement with the 
polyemeraldine structure proposed by Mac
Diarmid et al.2 A slightly reduced amount 
of the imine structure observed in the present 
sample is attributable to the presence of.a trace 
amount of positively charged nitrogen,16 as 
indicated by the residual Nls high B.E. tail. 
The latter probably arises from the presence of 
a trace amount of chloride anion as suggested 
by the Cl2p core-level spectrum of the sample. 
Furthermore, the surface of this sample may 
have also been oxidized to a small extent by 
oxygen, as suggested by the presence of a weak 
Ols core-level spectrum. The presence of sur
face oxidation has also been observed in 
polyaniline prepared electrochemically,7 as 
well in other polymers with a conjugated 
backbone.20 

The peak assignments are further supported 
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Figure I. Nls XPS core-level spectra of (a) polyemeraldine base, and (b) to (d) polyemeraldine 
hydrochloride at a Cl/N ratio of 0.17, 0.36, and 0.44, respectively. 
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Figure 2. Nls XPS core-level spectrum of the fully reduced polyleucoemeraldine. 

by the fact that the fully reduced poly
leucoemeraldine which consists of only ben
zoid rings and amine nitrogen,21 has only a 
single Nls environment at 399.3eV, with a 
line width of about 1.45 eV (Figure 2). 
Furthermore, comparison of the N 1 s peak 
B.E. between pyrrolylium nitrogen in polypyr
role (-NH- structure)22 and that of the pyri-
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dinium nitrogen in poly(vinyl pyridine) (-N = 
structure) reveals that the latter is lowered by 
1.1 eV (399.5 eV versus 398.4eV). Finally, de
hydrogenation of the pyrrolylium nitrogen in 
polypyrrole, followed by rearrangement of the 
pyrrole bonds to. satisfy the three nitrogen 
valences can result in a more electron-rich 
imine-like structure and a corresponding neg-
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Figure 3. Nls XPS core-level spectra of polyemeraldine hydrochloride at various stages of depro
tonation with Cl/N ratios of (a) 0.41, (b) 0.21, (c) 0.14, and (d) 0.08. 

ative shift of the N ls B.E. by about 1.3 eV.23 

Figure l(a) to Figure l(d) reveal that upon 
progressive protonation of polyemeraldine 
base, the amount of imine structure decreases 
steadily while ,the high B.E. tail attributable to 
the positively charged nitrogen16 ·18 becomes 
more and more prominent. This is entirely 
consistent with the reports2 •3 that the imine 
repeating units of the polyemeraldine base are 
preferentially protonated by HCI. The present 
peak assignments are further confirmed by 
changes in the N 1 s line-shape during depro
tonation of polyemeraldine hydrochloride by 
NaOH. Figure 3(a) to Figure 3(d) show the 
recovery of the imine structure and reduction 
of the high B.E. tail upon progressive depro
tonation of polyemeraldine hydrochloride by 
NaOH. Table I summarizes the changes in the 
proportion of the three nitrogen species and 
electrical conductivity of the polyemeraldine 
samples at various stages of protonation by 
HCI. 

Based on the present peak assignments, the 
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data in Table I show that the proportion of the 
amine structure can increase above 50%, es
pecially at high protonation levels. Further
more, in most of the present complexes, 
the fraction of positively charged nitrogen 
is lower than the amount of protonation de
termined from the overall Cl/N ratio. Sim
ilar observation has also been reported for 
the electrochemically polymerized polyemeral
dine hydrochloride. 18 The Cl2p core-level 
spectrum for all of the present complexes can 
be fitted with Cl2p112 and Cl2p312 components 
at B.E. positions corresponding to those for 
covalent and ionic chlorine species. The 
Cl2p312 B.E. corresponding to these two spe
cies are at about 200.2eV and 197.2eV, re
spectively. The presence of chlorine with cova
lent character has been widely observed in 
protonated polyaniline and related model 
compounds. 7 •12 The proportions of the two 
chlorine species for the present samples at 
various extent of protonation are also included 
in Table I. The presence of covalent chlorine, 
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Table I. Surface stoichiometries and changes in the chemical structures of polyemeraldine 
base on progressive protonation by HCI 

XPS surface stoichiometriesa Proportionsh of 
Conductivity 

Sample =N- -NH- N+ 
Total Cl/N -Cl/N Cl-/N (B.E. = 398.1 ±0.1 eV) (B.E. = 399.3 ±0.1 eV) (B.E. >401 eV) a/Scm- 1 

0.05 0.04 0.01 0.40 0.51 0.09 10-10 

2 0.12 0.04 0.08 0.38 0.51 0.11 2x 10- 6 

3 0.17 O.Q4 0.13 0.35 0.51 0.14 6x 10-s 

4 0.28 0.05 0.23 0.31 0.51 0.18 6x 10- 3 

5 0.31 0.06 0.25 0.27 0.53 0.20 IX 10- 2 

6 0.36 O.o? 0.29 0.20 0.57 0.23 1 X 10-t 

7 0.44 0.10 0.34 0.06 0.64 0.30 2 

' Based on corrected N 1 s and Cl 2p core-level spectral area ratios. 
h Based on the curve-fitted Nls core-level spectrum. 

together with the increase in the amine struc
ture at high protonation levels, suggest the 
addition of HCl to the imine repeating units, 
resulting in an increase in the benzoid/quinoid 
ratio. 10·12 Finally, the data in Table I indicate 
that a close balance in charges can indeed be 
observed based on the amount of positively 
charged nitrogen and actual amount of chlo
ride anion present. Thus, the degree of proto
nation cannot be accurately determined based 
on total chlorine balance alone. The pres
ence of a localized unit positive charge on the 
nitrogen is consistent with the concept of 
nitrogenonium ion polymer of MacDiarmid et 
a/.,24 although other studies suggest the pres
ence of delocalized radical cations. 17 

Finally, a comparison of ·Nls core-level 
spectra in Figure 1 and Figure 3 reveals that 
the chemical structure of a polyemeraldine 
hydrochloride sample at a particular CJ/N 
ratio can vary somewhat, depending on wheth
er the sample is obtained by protonation or 
deprotonation. This is partially attributable to 
the fact that covalently bonded chlorine forms 
only at a high protonation level and is re
moved only from a highly deprotonated 
sample. 

Profanation by HBr 

The behavior and structural changes in 
polyemeraldine during protonation by HBr 
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are similar to those during protonation by HCl 
described above. The polyemeraldine hydro
bromide, as prepared by the oxidative polymer
ization of aniline with ammonium persulphate 
in the presence of HBr, however, contains a 
high proportion of covalently bonded bromine 
atoms. Figure 4(a) and Figure 4(b) show the 
respective Nls and Br3d XPS core-level spec
tra of such a sample with a total Br/N ratio of 
about 0.89 (Br-/N =0.35 and -Br/N =0.54). 
Thus, as much as 60% of the bromine atoms 
can become covalently bonded to the poly
mer. Again, fairly good balance between the 
amounts of bromide anion and positively 
charged nitrogen is observed. Upon progres
sive deprotonation with NaOH, the bromide 
anion is preferentially removed while the co
valent bromine remains almost intact. The 
Nls and Br3d XPS core-level spectra for a 
deprotonated sample with a total Br/N ratio 
of about 0.50 are shown in Figure 4(c) and 
Figure 4(d), respectively. Thus, most of the 
bromide anion has been removed during de
protonation and is accompanied by a corres
ponding recovery of the imine structure. The 
electrical conductivity of the sample decreased 
correspondingly from about 0.3 S cm -i to less 
than 10- 9 Scm- 1 • The somewhat lower con
ductivity observed in the pristine polyemeral
dine hydrobromide as compared to that of 
the polyemeraldine hydrochloride is at least 
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Figure 4. Curve-fitted (a) Nls and (b) Br3d XPS core-level spectra for polyemeraldine hydrobromide at 
a Br/N ratio of 0.89 and the corresponding spectra ((c) and (d)) of the sample after deprotonation to a 
Br/N ratio of 0.50. 
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Figure 5. Curve-fitted (a) Nls and (b) Br3d XPS core-level spectra for polyemeraldine hydrobromide 
after extraction with chloroform to a Br/N ratio of 0.55. 

partially attributable to the presence of a 
high proportion of covalently bonded bro
mine. In polyemeraldine hydrochloride, the 
conversion of chloride ions to covalently 
bonded chlorine has been found to cause a de
crease in conductivity. 25 

Of particular interest is the preferential re
moval of a substantial amount of the polymer 
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with covalently bonded bromine upon extrac
tion of the complex with chloroform. The UV
visible absorption spectrum of the chloroform 
wash reveals the presence of a dissolved poly
mer, as suggested by the presence of a broad 
absorption band in the visible region. Figure 
5(a) and Figure 5(b) show the respective Nls 
and Br3d core-level spectra of a chloroform 
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Figure 6. Curve-fitted (a) Nls and (b) S2p core-level spectra for a H 2SO4 protonated polyemeraldine 
with a S/N ratio of 0.52. 

Table II. Surface stoichiometries and chemical structures of H2 SO4 protonated 
polymeraldine at various extents of protonation 

Sample 
XPS surface stoichiometries• Proportionsb of 

Conductivity 
=N- -NH- N+ 

S/N ratio (B.E. = 398.1 ± 0.1 eV) (B.E. = 399.3 ± 0.1 eV) (B.E.>40leV) cr/Scm- 1 

2 
3 
4 

0.52 
0.20 
0.16 
O.oI 

0.0 0.55 
0.23 0.55 
0.24 0.54 
0.42 0.48 

0.45 3 
0.22 7x 10- 2 

0.21 IX 10- 2 

0.09 10-10 

a Based on corrected Nls and S2p core-level spectral area ratios. 
b Based on the curve-fitted Nls core-level spectrum. 

treated sample in which the total Br/N ratio 
has been reduced to about 0.55. The Br- /N 
ratio, however, was not affected by this treat
ment. Thus, treatment of polyemeraldine hy
drobromide with chloroform results in a sub
stantial increase in the ionic to covalent bro
mine ratio. This in turn causes the electrical 
conductivity of the complex to increase by 
more than a factor of two. 

Protonation by H 2S04 

The chemical structure of H2SO4 pro
tonated polyemeraldine and the structural 
changes associated with its step-wise deproto
nation, as revealed by the Nls core-level line 
shape, are similar to those observed in the HCl 
or HBr protonated sample. Figure 6(a) and 
Figure 6(b) show the respective N 1 s and S2p 
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core-level spectra for a typical H2S04 pro
tonated polyemeraldine. In this case, almost 
all the imine units are protonated and trans
formed into positively charged nitrogens. The 
B.E. ofS2p312 component at about 168.6eV is 
consistent with a single sulphate environ
ment. 26 However, the valency of the sulphate 
anion associated with the nitrogenonium cat
ion may require special consideration. In elec
trochemically prepared H2S04 samples, the 
presence of S04 -l and HS04 - anion species 
were considered but not resolved. 18 The pres
ent work attempts to solve this problem by 
stoichiometry and charge neutrality. Table II 
summarizes the proportions of the three ni
trogen species at various protonation levels for 
H2S04 doped samples. A close balance be
tween the number of unit positively charged 
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nitrogens and number of sulphur atoms is 
observed. Thus, the sulphate groups are of the 
univalent anion species with the form of 
HS04 - . In the totally deprotonated sample 
(Sample 4 in Table II), the presence of some 
excess positive charge on nitrogen is probably 
associated with the presence of surface oxida
tion in the deprotonated polyemeraldine. 

Comparison of Acid Strength 
The strength of various acids toward the 

protonation of polyemeraldine was briefly 
compared. The HBr, H2SO4 , and HNO3 pro
tonated samples were treated with 1 M HCI. In 
all cases, this resulted in a complete exchange 
of anionic species in the complex by chloride 
anions. In the case of H2SO4 and HNO3 

protonated samples, for example, HCl treat
ment resulted in a complete lost of the S2p 
core-level signal and N 1 s core-level signal 
(B.E. -406.3eV) due to the respective sul
phate and nitrate species. A final CJ/N ratio 
of about 0.42 was observed in both samples. 
This readily suggests that most of the imine 
repeating units in these two complexes re
main intact. 

In the case of polyemeraldine hydro bromide 
with initial Br- /N and - Br/N ratios of 0.35 
and 0.54, respectively, the XPS results indicate 
that treatment with HCl results in a complete 
replacement of the bromide anion. However, 
almost all the covalently bonded bromine re
main intact. This treated sample thus takes on 
a Cl/N ratio of only about 0.30, with most of 
the chlorine existing as chloride anion. It has 
been well established that the imine nitrogen 
of polyemeraldine base are preferentially pro
tonated by HCI.~- Thus, the fact that the CJ/N 
ratio in the present HCl treated polyemeral
dine hydrobromide remains substantially be
low the ideal value of 0.5 and is similar to the 
original Br- /N ratio readily suggest that cova
lent bromine formation must also result in a 
substantial reduction in the proportion of the 
imine repeating units in the original complex. 
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CONCLUSIONS 

XPS technique was used to elucidate the 
structural changes during the protonation of 
polyemeraldine by HCl, H2SO4 , and HBr. The 
proportions of imine, amine and positively 
charged nitrogen associated with a particular 
oxidation state and degree ofprotonation have 
been determined quantitatively and unam
biguously from the properly curve-fitted N ls 
core-level spectrum. The presence of cova
lently bonded chlorine and bromine indicates 
that the actual degree of protonation in HCl 
and HBr complexes should not be determined 
from the overall halogen balance. 
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