XPS Study of Aged Polyaniline Films
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ABSTRACT: In this article, a study of the aging of con-
ducting Polyaniline-Polystyrene blends using X-ray photo-
electron spectroscopy (XPS) and UV-visible-near IR analysis
is presented. The physicochemical results are compared to
those obtained by electrical measurements. XPS results con-
firm the existence of an oxidation process also deduced by
the electrical conductivity studies. The N1s and S2p core
level spectra decomposition allows to show that a deproto-
nation process and cyclization of tertiary amine occur dur-
ing aging. The absorption spectrum shows a decrease of

delocalized charges and the apparition of localized polarons
after a long aging time. All these mechanisms are responsi-
ble of the electrical conductivity decrease observed during
aging at elevated temperature. The results are presented for
films of PANI-CSA-PSt blends, but the conclusions can be
extended to pure conducting PANI-CSA films. © 2003 Wiley
Periodicals, Inc. ] Appl Polym Sci 90: 3730-3736, 2003
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INTRODUCTION

Polyaniline (PANI) is always one of the most promis-
ing conducting polymers. It can be used in many
electronic applications such as organic light emitting
diodes, batteries, and for electromagnetic shielding.l_4
Blends of PANI with an insulating polymer (polysty-
rene, cellulose acetate, etc.) are also interesting for
these applications because theses composites associate
the electrical properties of polyaniline and the me-
chanical properties of the host polymer.”” But for
each application, the stability of PANI is crucial and a
good comprehension of the degradation mechanisms
is necessary. At our knowledge, also few works are
devoted to the study of the thermal and time stability
of PANI and PANI blends.®*?

The purpose of this work is to correlate electrical
measurements and physicochemical analysis (XPS,
UV-Vis absorption) of aged films. Previous studies
have shown that electrical measurements in PANI can
be interpreted in the frame of an heterogeneous model
where the conduction is limited by hopping mecha-
nisms between conducting clusters separated by insu-
lating or less doped regions. The same heterogeneous
model can also be applied in PANI blends."” In this
case, a very low percolation threshold has been ob-
tained (less than 1%). Above this percolation thresh-
old, an interpenetring fibrillar network of PANI exists,
which cross over all the host material and the electrical
conductivity is mainly limited by hopping mecha-
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nisms between conducting clusters among each PANI
fibril. The artificial aging at high temperature of polya-
niline films and polyaniline-polystyrene (PANI-PSt)
blends have been previously studied by electrical
measurements and the results have been interpreted
in the frame of the heterogeneous electrical model."
The aging observed has been related to an increase of
the intercluster region to the detriment of the conduct-
ing clusters. But electrical measurements fail to asso-
ciate the erosion of the conducting clusters in polya-
niline films with physical or chemical processes such
as oxygen reaction with the backbone, deprotonation,
dopant decomposition or segregation, crosslinking.
In this article, an interpretation of the artificial aging
at elevated temperature of PANI-PSt blends is pro-
posed using XPS and electrical measurements. The
evolution of the C1s, Ols, N1s, and S2p elements with
the aging time and the decomposition of the N1s and
S2p peaks are shown. The physicochemical results are
compared with electrical measurements, and the dif-
ferent mechanisms at the origin of the irreversible
decrease of the electrical conductivity are proposed.

EXPERIMENTAL

Undoped polyaniline have been synthesized by using
the standard procedure.'"* High conductive PANI-
CSA films (where CSA is camphor sulfonic acid) have
been prepared by casting a PANI-CSA m-cresol solu-
tion on a hot glass substrate (o = 250 S/cm). Conduct-
ing polyaniline-polystyrene blends (PANI-PSt) have
been prepared as described previously, using the co-
dissolution method."” Depending on the PANI content
in the blend, the electrical conductivity at room tem-
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perature varies between 10~ "' S/cm for 0.3% of PANI
in the blend to 70 S/cm for 5% of PANI in the poly-
styrene matrix. In this type of blends, the percolation
threshold is very low (<1%), this behavior being re-
lated to the formation of a self-assembled interpen-
etring fibrillar network of PANI in the host matrix.” In
the text, blends above the percolation threshold are
refered to as conducting blends. Different pieces of the
same films have been artificially aged in a thermostat
oven at 130°C at room atmosphere. The electrical con-
ductivity has been continuously monitored in situ us-
ing a two contacts method (by using a Keithley 2000).
Samples have been collected after different aging
times, and electrical conductivity measurements vs.
temperature and physicochemical analysis have been
carried out. Electrical conductivity measurements vs.
temperature have been performed in the temperature
range of 80-300 K following the standard four con-
tacts method using a Keithley 220 current source and
a Keithley 182 voltmeter. X-Ray Photoelectron Spec-
troscopy (XPS) measurements have been carried out
with a Leybold LHS 12 apparatus (University of Nan-
tes—=CNRS) using magnesium as the source of radia-
tion (1253.6 eV) at 10 kV and 10 mA. The pass energy
was set at 50 eV. The vacuum in the analysis chamber
was about 107° Pa. High resolutions scans with a good
signal ratio have been obtained in the Cls, N1s, Ols,
and S2p regions of the spectrum. The quantitative
analysis has been based on the determination of the
Cl1s, N1s, Ols, and S2p peak areas with 0.2, 0.36, 0.61,
and 0.44 as sensitivity factors. All the spectra have
been recorded under identical conditions. The decom-
position of the XPS peaks into different components
and the quantitative interpretation have been per-
formed after subtraction of the background using the
Shirley method."® The curve-fitting programs allow
the variation of parameters such as the Gaussian-
Lorentzian ratio, the full width at half maximum
(FWHM), the position, and the intensity of each con-
tribution. These parameters have been optimized by
the curve-fitting program. UV-Vis absorption spectra
have been recorded using a Varian Cary 2400 Spectro-
photometer.

RESULTS AND DISCUSSION

PANI films and PANI-PSt blends are electrically stable
materials at room temperature, and they do not
present a significant decrease of the electrical conduc-
tivity for more than 3 years. At more elevated temper-
ature (between 80 and 150°C), a decrease of the elec-
trical conductivity is observed with a similar aging
kinetic in PANI and in PANI-PSt blends above the
percolation threshold. Previous works have also
shown that the aging rate increases with the aging
temperature.”® Figure 1 shows typical electrical con-
ductivity variations vs. time for a PANI-CSA-PSt 3%
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Figure 1 Variations of o/ 0 vs. time for a PANI-CSA-PSt
3% film aged at 130°C.

film that has been aged at a temperature of 130°C for
more than 1 month. This sample is a blend above the
percolation threshold. This graph reveals that the elec-
trical conductivity decreases with time from 0.3 S/cm
for a fresh sample to 3 X 107* S/cm after 1245 h of
aging at 130°C. A simple Arrhenius law (sometimes
observed in some conducting polymers'>'*") fails to
describe these experimental variations in the whole
time range studied. As for PANI-CSA and other PAN-
I-CSA-PSt blends, two aging time domains should be
distinguished. A (0, — o) 0, = At'/? law allows to
describe the first part of the curve (for short aging
time) up to o = 0,/2. This kind of law has been
previously discussed,'® and indicates that oxygen dif-
fusion into the film is the slowest process in the deg-
radation mechanism. For long aging time, an exponen-
tial law o = oy exp[—(t/ 7)?] can be used to fit exper-
imental results. This complex kinetic law also
observed in other conducting polymers'” is difficult to
link to the reaction of oxygen on the polymer back-
bone or to other processes liable to interact in the
aging process (deprotonation, change of structure,
etc.). To specify the evolution of the conduction mech-
anisms with the aging time, electrical conductivity
measurements vs. temperature can be useful. In Fig-
ure 2, the electrical conductivity as a function of the
temperature is shown for different aging times for
PANI-PSt 3% films. The results obtained are in accor-
dance with a previous study already published on the
same type of blends.’® At low temperature, the elec-
trical conductivity is thermally activated, and the
slope of the curve increases with the aging time. These
experimental results can be interpreted in the frame of
an heterogeneous picture. In this case, the electrical
conductivity at low temperature is dominated by an
hopping mechanism between conducting clusters of
PANI through a very thin insulating or less doped/
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Figure 2 Variations of ¢/0,4, vs. 1000/T for PANI-CSA-
PSt 7% blends after aging at 130°C for different durations.

ordered barrier. For a fresh sample, the result can be
interpreted using the Fluctuation Induced Tunneling

mOdel.
T 10
I I Y exp T + T

The FIT model can also be applied for short aging
sample (up to o = 0y/2). For long aging time, a
transition from the FIT model toward the Charging
Energy Limiting Tunneling model is observed.'

(cet, ool = (7))

This transition from the FIT model to the CELT model
has been first discussed by Sheng,* and it depends
essentially of the cluster size and the intercluster
width. In this granular model, the increase of the o(T)
curve slope is directly related with the increase of the
grain size (see ref. 22 for the complete theory and grain
size formula). Then, the main conclusion of this elec-
trical study is that because the slope of the o(T) curve
increases with the aging time, the grain size of the
conducting clusters decreases, and the intercluster
width increases with the aging time. Moreover, the
change of transport mechanisms (FIT toward CELT),
also observed in polypyrrole films,' seems to be con-
sistent with the crossover of the short thermal conduc-
tivity decay following a parabolic law toward a non-
trivial stretched exponential behavior.

The UV-Visible-near IR absorption of PANI-CSA
has been extensively described in the literature® >
and the absorption spectra of PANI-CSA-PSt blends
and pure PANI-CSA films are similar even for low
concentration of PANI in the blend. Figure 3 shows
the variations of the absorption spectra of PANI-CSA-
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PSt samples aged for different durations. The “fresh”
sample shows an absorption spectra in accordance
with those of pure PANI-CSA. The first peak at 440
nm can be attributed to the transition between pol-
aronic band and the 7* band. As in pure PANI-CSA,
a large band extending to the near IR is observed
which can be associated to the presence of delocalized
defects (free carrier tail). These absorption spectra can
also be linked to the conformation of the polyaniline.*?
In this case, the free carrier tail can be associated with
delocalization of electrons in the polaron band pro-
moted by a straightening-out of the polymer chain as
its coil-like structures becomes more expanded with
concomitant reduction in 7 defects caused by ring
twisting.

During aging, the large band in the near IR de-
creases in intensity, which indicates that the expanded
coil-like conformation are converted to the more coil-
like conformation. As pointed by McDiarmid and Ep-
stein,” this behavior should be accompanied by a
decrease of the film crystallinity and should train a
decrease of the electrical conductivity. After more than
1240 h of aging at 130°C, a large peak at 815 nm begins
to appear in the absorption spectra. This peak is tra-
ditionally attributed to the presence of localized elec-
trical defects. Then, the artificial aging seems to lead to
an increase of the charge localization, may be due to
the decrease of the film crystallinity and of the ex-
panded coil-like conformation.

Figure 4 shows the evolution of Cls XPS spectrum
with the aging time (between t =0 (fresh sample) and
t =1245 h at 130°C). The C—C bond at 284.7 eV has
been used as the reference peak, and some XPS spec-
trum have been corrected because for the more aged
samples, a charging effect has been observed. Table I
shows that the carbon concentration decreases with
the aging time from 81.6% for a fresh sample to 73.7%
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Figure 3 UV-visible-near IR spectra of PANI-CSA-PSt
blends after aging at 130°C for different durations. (a)
“fresh” sample; (b) 48 h; (c) 264 h; (d) 1245 h.
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Figure 4 XPS Cls core level spectra of PANI-CSA-PSt 3%
blends after different aging times at 130°C. (a) “fresh” sam-
ple; (b) 48 h; (c) 264 h; (d) 1245 h.

after 1245 h of aging at 130°C. The decomposition of
the C1s spectra is not shown here because it involves
lots of different bonds difficult to resolve. For exam-
ple, the energy difference between the different carbo-
n-oxygen bonds is too small to be resolved. However,
some details can be seen studying the evolution of the
shape of the Cls spectra.

The shape of the Cls spectra shows an increase of
the contribution situated near 289 eV. This high bind-
ing energy can be attributed to the presence of car-
boxyl or ester groups.”® These COOR groups, where
the creation involves complex mechanisms, have also
been observed during the aging of other conducting
polymers composites”® for long aging time at room
temperature. For short aging time, the same work
shows that the oxidation occurs under the form of
C=0 bonds observed near 286.5 eV and C—O—H
bonds observed between 286.5 and 287 eV.>** Such
contributions can also be envisaged here. Then, the
increase with the aging time of the high binding en-
ergy domain in the C1s spectra indicates a progressive
oxidation of the film. In addition, it must be noticed
that the C/N ratio, which can be calculated from Table
I, results is higher than expected (theoretically 9): this
additional carbon reveals a superficial contamination
during atmosphere exposure.

TABLE 1
Relative Surface Composition (%) of Cls, O1ls, N1s,
and S2p in PANI-CSA-PSt 3%

Cls Ols Nils S2p
Fresh samples 81.6 13.1 3.5 1.8
After 48 h at 130°C 774 18.6 29 11
After 264 h at 130°C 773 18.6 3.1 1.0
After 1245 h at 130°C 73.7 22.5 3.0 0.8
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Figure 5 XPS S2p core level spectra of PANI-CSA-PSt 3%
blends after different aging times at 130°C. (a) “fresh” sam-
ple; (b) 48 h; (c) 264 h.

Additional information concerning the oxidation
process can be obtained by the observation of the Ols
contribution. Table I shows that the oxygen percent-
age increases from 13.1% for a fresh sample to 22.5%
after 1245h at 130°C, which confirms that oxidation is
a important phenomenon that occurs during the aging
process. Then, both Cls and Ols unequivocally show
that oxidation occurs upon aging of PANI-PSt blends.

Figure 5 shows the S2p peak decomposition for
different aging times. The S2p core level signal attrib-
uted to the covalently bonded sulfonate anion (—SO3’)
can be fitted with the spin-orbit doublet S2p3/2 and
S2p1/2 lying at about 167.3 eV and 168.6 eV, respec-
tively.’>>! The absence of peak in the low binding
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TABLE II
XPS Analysis of PANI-CSA-PSt 3% Blend during Aging
Nils S2p
N; N, N, S2p3/2 S2p1/2
“Fresh” samples
BE (eV) 399.24 400.55 401.99 167.3 168.58
Intensity (%) 50.8 29.4 19.8 50 50
After 48 h at 130°C
BE (eV) 399.21 400.19 401.67 167.76 168.96
Intensity (%) 40.9 453 13.8 50 50
After 264 h at 130°C
BE (eV) 399.37 400.37 401.70 167.76 168.96
Intensity (%) 44.3 493 6.4 50 50

energy domain (163.8 eV) due to neutral S species
shows that all the S2p is used in the protonation
process. Another contribution situated near 169.5 eV
and attributed to the existence of sulfonate anions in
PANI-CSA in a more electron rich condition®! is not
present in our film.

The evolution of the decomposition of the S2p peak
during aging does not show any drastic change, and
the (—SO;) contribution is also observed after 1245 h
of aging at 130°C, with no significant change in the
percentage of each peak (Table II). On the other hand,
the decrease of the S2p percentage in the film from
1.8% for a fresh sample to 0.8% after 1245 h of aging at
130°C can be associated to a loss of dopant (CSA)
upon aging. Figure 6 shows that the S/N ratio, which
is near 0.53 for a fresh sample (theoretically 0.5), de-
creases with the aging time up to 0.27 after 1245 h of
aging at 130°C. Then, the decrease of the S2p percent-
age can be related to a loss of CSA, leading to a
deprotonation of the conducting film. Other works
have also proposed that an aggregation of CSA can
occur upon a thermal treatment of a PANI-CSA film.>?
This process is also possible during the aging of our
conducting blends.
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Figure 6 Atomic ratio (obtained by XPS measurements)
and electrical conductivity of PANI-CSA-PSt films aged at
130°C vs. the aging time.

The XPS N1s core level spectrum of “fresh” PANI-
CSA-PSt 3% film is shown in Figure 7. Three main
contributions can be considered. The first peak situ-
ated at 399.2 eV can be attributed to amine nitrogen
(—NH).**** Two other peaks separated by 1.3 eV and
2.8 eV, respectively, from the amine peak are com-

Intensity (a.u.)

404 402 400 398
Binding Energy (eV)
Figure 7 XPS N1s core level spectra of PANI-CSA-PSt 3%

blends after different aging times at 130°C. (a) “fresh” sam-
ple; (b) 48 h; (c) 264 h.
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monly assigned to N* species.***** In undoped
polyaniline or in noncompletely protonated polyaniline,
a peak present at 398 eV attributed to imine nitrogen
(—N=) is also observed.** This contribution is not
present in our PANI-PSt, samples which shows that all
the imine nitrogen have been protonated. The N*/N
ratio is nearly to 0.5 for a fresh sample, which is consis-
tent with the dopant content used during the protona-
tion process (1/2 dopant molecule per repeat polymer
unit involving one ring and one nitrogen). This decom-
position is of the same type as in pure PANI-CSA.

Upon aging, the Nls percentage decreases from
3.5% for a fresh sample to 2.9% after 48 h of aging at
130°C. This percentage is then constant upon aging
(near 3%) up to 1245 h of aging at 130°C. Figure 7
shows that the decomposition of the N1s peak of aged
samples shows also three components as for “fresh”
film. The first component near 399.2 eV, which is
attributed to amine nitrogen decreases with the aging
time from 50.8% at t = 0 to 44.3% after 264 h of aging
at 130°C (Table II). In the same time, the N, peak near
400.5 eV increases from 29.4 to 49.3%, and the N; peak
decreases from 19.8 to 6.4%. These two contributions
habitually attributed to N species should be dis-
cussed with precaution because XPS is not the best
tool for elucidating the molecular structure. The depro-
tonation of the film pointed out by the study of the S2p
contribution should be accompanied by a decrease of the
N™ species. The N; peak (N" species more localized)
decreases with aging. But the increase of the N, peak
with the aging time is difficult to explain if this peak is
unequivocally attributed to N species. However, the N,
peak could also be attributed to cyclic nitrogen )N—
(near 400 eV).>>® As been pointed by Ranou et al.® the
progressive deprotonation upon aging can entail
crosslinking by formation of these tertiary amine nitro-
gen bonds on expense imine bonds.

Within all these results, a more accurate view of
aging in conducting polyaniline blends can be ob-
tained. The electrical measurements converge toward
a heterogeneous picture of polyaniline, even in PANI-
PSt blends. Conducting clusters in which PANI is well
ordered and more crystallized and in which electrical
defect are delocalized are separated by thin insulating
nonordered or less doped region in which carriers are
more localized. Upon aging, several physical and
chemical mechanisms take place simultaneously. Ox-
ygen diffusion occurs preferentially at the periphery
of the conducting clusters leading to an erosion of the
clusters. The diffusion of oxygen should be favored by
the disorder of the intercluster region. XPS experi-
ments show an increase of the high binding energy of
the C1s peak, which can be associated with the forma-
tion of carbonyl COOH or COOR groups. An increase
of the (=0 and C—O—H contaminations cannot be
excluded. Optical absorption shows a decrease of the
IR tail (i.e., delocalized electrical defects associated
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with a expended coil conformation). This decrease is
consistent with a less extended coil conformation of
the film, that is, an increase of the disordered region.
For long aging time, a localized polaron contribution
appears in the absorption spectra.

XPS measurements show that a loss of dopant is
observed leading to a deprotonation of the film. This
progressive deprotonation is accompanied by an in-
crease of the N, contribution in the N1s peak that was
previously attributed exclusively to N™ species. To
explain this last result, a cyclization of the tertiary
amine nitrogen process should be introduced.

CONCLUSION

Electrical measurements and physicochemical analy-
sis have been carried out on aged samples in the aim
to specify the aging process in conducting PANI-
CSA-PSt blends. The results are consistent with the
heterogeneous picture previously proposed, where
conducting clusters are separated by thin insulating
barriers. The electrical conductivity decrease observed
upon aging can be associated to an oxygen diffusion in
the film. For long aging time, it has been more difficult
to link the conductivity decrease with a simple oxygen
diffusion or reaction in the film. Optical absorption
measurements and XPS analysis confirm the oxidation
of the film. These experiments also show a decrease of
the dopant content, which can be associated to the
dopant loss. This loss of dopant is followed by a
deprotonation of the conducting film leading to the
cyclization of the tertiary amine nitrogen and to a
possible crosslinking of the polyaniline.
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