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ABSTRACT: Aging experiments, with a special emphasis
on the atmosphere effect, have been carried out on undoped
polyaniline, in its half-oxidized state, namely emeraldine
base (EB). The polymer has been aged under vacuum and in
air atmosphere. The chemical degradation has been ana-
lyzed by several complementary techniques such as viscos-
ity measurements, FTIR, XPS, and UV-Vis-nIR spectroscopy.
We show that emeraldine base exhibits two different degra-
dation mechanisms. The first one is intrinsic to the polymer
and occurs independently on aging conditions (vacuum or
air). It consists of crosslinking via tertiary amine groups

created from imine nitrogen via double-bond breaking. The
second mechanism is extrinsic and occurs concomitantly
with the first one upon aging in air. It consists of oxygen
incorporation in a form of carbonyl groups and chain scis-
sion. Both degradation pathways result in a decrease of the
electrical conductivity of the polymer due to the lowering of
the average conjugation length. © 2002 Wiley Periodicals, Inc.
J Appl Polym Sci 86: 395-404, 2002
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INTRODUCTION

Although polyaniline (PANI) has been known for
more than hundred years, it has received renewed
interest as an environmentally stable conducting poly-
mer with potentials for use in a variety of applications.
As in the case of other conducting polymers, the elec-
trical conductivity of polyaniline can be controlled
over many orders of magnitude through acid-base or
redox type doping.' The latter can be carried out either
chemically or electrochemically.

Due to its excellent environmental stability in the
undoped as well as in the doped state, polyaniline in
its oxidation state of emeraldine base (EB) is consid-
ered as a very promising candidate for several indus-
trial applications. For these reasons several industrial
companies are presently involved in the production
and testing of PANI. In the past, the principal indus-
trial applications involved the doped form of the poly-
mer with the goal to achieve the highest possible
conductivity.” Nowadays, research interests are also
directed towards undoped PANI which exhibits semi-
conducting properties.” The most important applica-
tions envisioned are: materials for charge transport
layers in electroluminescent device,* stress grading
material for high voltage cables,” and others.
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For doped polyaniline several articles dealing with
aging studies were published.®™ These studies dem-
onstrate that the degradation involves principally the
removal of the dopant, accompanied by irreversible
structural changes in the polymer chain, which in
turn, lead to an irreversible drop in conductivity. Sur-
prisingly, few aging studies have been carried out on
undoped polyaniline (EB)."""*?

We have undertaken such studies with the goal to
determine the role of atmosphere constituents and
especially oxygen in the degradation process. A com-
bination of several chemical and spectroscopic tech-
niques was used to follow the degradation process,
namely elemental analysis, viscosimetry, IR spectros-
copy, and XPS. The results are discussed in terms of
the conjugation length decrease and its effect on the
conductivity.

EXPERIMENTAL
Material

EB purchased from AC&T (St Egreve, France) was
synthesized by chemical polymerization in aqueous
HCI medium at —5°C using (NH,),S,04 as the oxidiz-
ing agent. The resulting polyaniline hydrochloride,
PANI-HCI [commonly termed Emeraldine-Salt (ES)]
was washed with water and dried at 40°C until con-
stant mass. The polymer prepared in a such manner
shows the conductivity of few S-cm™*. ES was then
dedoped in NaOH aqueous solution (1 mol-L™') to
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Figure 1 Emeraldine base structure.

obtain emeraldine base. The synthesized polymer, EB,
is schematically depicted in Figure 1.

Viscosimetric studies

The inherent viscosity of EB at different stages of
degradation was determined using an automatic Ub-
belhode viscosimeter. The measurements were carried
out at 25°C in 0.1 wt/wt % solution of the polymer in
97% sulfuric acid. EB solutions were stirred for c.a.
15 h prior to the measurement.

Fourier transform infrared spectroscopy

Fourier Transform Infrared spectra (FTIR) of EB pow-
der were recorded, in the range of 400—4000 cm ™", on
a Perkin-Elmer Paragon 500 spectrometer using a dif-
fuse reflectance technique. The application of this
technique enables us to analyze the polymer directly
in the form of powder without the necessity to mix it
with KBr.

X-ray photoelectron spectroscopy

Aging-induced chemical changes in EB were also an-
alyzed by X-ray Photoelectron Spectroscopy (XPS) on
an ESCA SSI spectrometer using A1l Ka monochro-
matic radiation. The spot size was 250 X 1000 um?, the
X-ray source power 300 W (10 kV X 30 mA), the
take-off angle 35°, and the estimated sampling depth
~10 nm. The pressure in the analyze chamber was
maintained at 10”° Torr. All binding energies were
normalized with respect to Cls neutral carbon peak at
285 * 0.1 eV to compensate for charge surface effects
that occur in poorly conducting systems. The spectra
were deconvoluted assuming 100% Gaussian peaks
and a Shirley background.
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Ultraviolet-visible spectroscopy (UV-Vis-nIR)

Uv-Vis-nIR absorption spectra were recorded on a
Perkin-Elmer Lambda 900 spectrometer in the range
of 250-1000 nm. EB powder was solubilized in NMP,
and the nonsoluble fraction was separated by centrif-
ugation.

Conductivity measurements

Conductivity was measured on 200 um-thick pressed
pellets that were sandwiched between two evaporated
gold electrodes of 6-mm diameter. Current density vs.
electric field characteristics were measured at room
temperature by a Keithley Model 6517A electrometer.
Ohmic behavior was verified in each case.

RESULTS

In Table I the results of elemental analysis of pristine
EB are presented. The main contamination are sulfur
(0.13 wt %) and chlorine (0.20 wt %). One also ob-
serves a significant amount of oxygen (4.12 wt %). This
problem will be addressed later. Both contaminating
elements originate from the reaction mixture used for
the synthesis. The source of chlorine is HCI, used to
keep the reaction medium acidic, which, in addition,
protonates the polymer formed upon oxidative poly-
merization. Thus, a small amount of Cl may be due to
incomplete deprotonation, but other mechanisms in-
volving covalently bonded chlorine cannot be totally
excluded. Sulfur originates from the oxidizing-poly-
merizing agent [((NH,4),S,05)], which is transformed
into (NH,),SO, in the course of the polymerization
reaction. The presence of S in the elemental analysis
must therefore involve the presence of oxygen in the
molar ratio S:O = 1:4. This corresponds to 0.26 wt % of
oxygen. Thus, the overall purity of the polymer can be
calculated as 99.41 wt %. After the substraction of the
contamination the chemical composition of EB is C:
76.39 wt %, N: 14.77 wt %, H: 4.95 wt %, and O: 3.88 wt
%, which is in strong discrepancy with theoretical
composition of EB (C¢H,sNy), ie., C: 77.84 wt %, H:
4.86 wt %, and N: 17.30 wt %. The formula that cor-

TABLE I
Elemental Analysis of EB Aged in Air at 140°C

Elemental analysis

Chemical composition*

Aging C N H S Cl (@]
time (h) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) C N H S Cl O
0 75.94 14.69 4.92 0.13 0.20 4.12 6.03 1.00 4.69 0.0039 0.0054 0.24
24 77.04 14.94 4.68 0.06 0.17 3.11 6.01 1.00 4.38 0.0018 0.0045 0.18
96 76.88 14.94 4.60 0.06 0.22 3.30 6.00 1.00 4.31 0.0018 0.0058 0.19
960 74.32 14.78 4.25 0.06 0.25 6.34 5.86 1.00 4.02 0.0018 0.0067 0.37
1920 69.85 14.62 3.99 0.07 0.25 11.22 5.57 1.00 3.82 0.0021  0.0068 0.67

?Chemical composition of EB with 100% purity: C = 6.00,

N =1.00,H =450,S=0,Cl=0,0 =0.
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Figure 2 Mass loss of polyaniline powder aged in air (M), and under vacuum (A) at 140°C.

responds to the elemental analysis is CgH, 0N;Og 53
The presence of oxygen and a significant excess of
hydrogen are indicative of the presence of water in EB.
It is known that EB is a hygroscopic material, and may
absorb up to 5 wt % of water. The best fit between the
calculated and analytically determined formula is
found for the composition of CsH, sN;(H,0), 53 corre-
sponding to 4.3 wt % of water adsorbed in EB. It has
been shown by DTA (Differential Thermal Analysis)
and DSC (Differential Scanning Calorimetry) mea-
surement that the residual water can be reversibly
adsorbed in EB in two forms:'* some H,O molecules
are weakly bonded to the amine nitrogen center acting
as acceptors of protons (activation energy of 3-5 kcal/
mol). Others are strongly bonded to the imine nitro-
gens acting as donors of protons (activation energy of
15-18 kcal/mol). In our case, we suppose that the
residual water present in EB is strongly bonded to
imine nitrogen, because the sample was pumped for
extended time prior to elemental analysis.
Emeraldine base, has been aged, in a powder form,
at the temperature of 140°C either in air or under
dynamic vacuum (10~° mbar). In Figure 2, the mass of

the powder is plotted vs. the aging time, for both air
and vacuum aged samples. For short aging times, an
abrupt loss of mass is observed for both aging atmo-
spheres. Elemental analyses show, in Table I and in
Table II, a decrease in the oxygen and hydrogen con-
tents, what can unequivocally be ascribed to the de-
parture of the residual water. We can notice that the
departure of water determined by elemental analysis
does not match the mass loss measured by the ther-
mogravimetric analysis. We suppose that during the
manipulations preceding the elemental analysis water
is readsorbed. For longer aging time, in the case of
vacuum-aged samples, the mass remains then essen-
tially unchanged even for times approaching 2000 h,
which is in perfect agreement with elemental analysis
results, which show very little composition changes
for vacuum aged samples. In the case of air-aged
samples, a different picture emerges. First, the mass
decreases continuously with the increasing time, and
second, a small acceleration of the mass loss is ob-
served for aging times exceeding 1000 h. In elemental
analysis data, a steady decrease in carbon content
accompanied by a steady increase in oxygen content

TABLE 11
Elemental Analysis of EB Aged under Vacuum at 140°C

Elemental analysis

Chemical composition

Aging C N H S Cl O
time (h) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) C N H S Cl O
0 75.94 14.69 4.92 0.13 0.20 4.12 6.03 1.00 4.69 0.0039 0.0054 0.24
24 77.11 14.95 4.86 0.07 0.36 2.65 6.02 1.00 4.55 0.002 0.0095 0.16
96 77.29 15.00 4.86 0.04 0.40 241 6.01 1.00 4.54 0.0012 0.011 0.14
960 77.30 14.93 4.85 0.07 0.45 2.40 6.04 1.00 4.55 0.0021 0.012 0.14
1920 76.63 14.81 491 0.06 0.43 3.16 6.03 1.00 4.64 0.0018 0.011 0.19




398

KIEFFEL ET AL.

I ' 1 T T T T 1 1
2,4 - . -
—u— Ajr aged 1
224 | —a— Vacuum aged . 7
2,0 A -
1,8 ol .
o / i
5, i
L -
=

fond i

| | ! | T T T T
3 4 5 6 7 8

Ageing time [h]

Figure 3 Intrinsic viscosity of EB aged at 140°C, in air (M), under vacuum (A).

can be observed. The decrease in carbon content is
indicative of chain scission phenomena involving the
departure of small fragment containing CH group-
ings, whereas the increase of oxygen content can be
interpreted in terms of chain oxidation.'” Both pro-
cesses have opposite effects on mass change in EB.
Because the overall mass change is negative, the pro-
cesses of chain scission must predominate. It should,
however, be stressed that the above described pro-
cesses account only for c.a. 2% of the total mass of the
sample.

The evolution of the inherent viscosity, m;.,, of EB
has also been investigated as a function of aging time
for both air and vacuum aged samples. Actually, n;.,
is connected to the viscosimetric molecular weight M,,
by the Mark-Houwink relation (1),

MNinh = K[Mv]a (1)

with (K, a), the Mark-Houwink couple, which is con-
stant for a given polymer/solvent/temperature sys-
tem.'®!” The value of a provides information about the
conformation of the macromolecular chains. In the
case of EB, it has been underlined that the relation
between 7, and M, is linear, and a is close to 1.'® This
indicates that polyaniline adopts a rod-like conforma-
tion. Pristine EB exhibits m,,, = 0.8 dl-g '. The
change of m;;, of polyaniline with aging time reflects
its molecular weight changes. To characterize these
changes, we have chosen intermediate aging times,
namely 1, 2, and 4.5 h. An increase of 7., with aging
time can be observed (Fig. 3), which is indicative of an
increase of the molecular weight of EB and irreversible
structural changes. Because of the insolubility, in sul-
furic acid, of samples aged for more than 24 h, the

measurement of the inherent viscosity could not be
performed for samples aged for extended time. The
observed phenomena can be interpreted in terms of
heavy crosslinking accompanying the aging, which
leads to an increase in the molecular weight for sam-
ples aged for intermediate times. Further aging results
in high crosslinking density, which in turn, makes the
polymer insoluble in sulfuric acid. Evidently, chain
scission occurrence, which can be deduced from ele-
mental analysis and thermogravimetric measure-
ments, is accompanied by the creation of crosslinked
and/or branched structures probably via free radical-
type coupling mechanism. It should be noted here that
the above-described phenomena occur in air as well as
in vacuum aged samples.

Elemental analysis and thermogravimetriy provide
significant informations concerning the overall results
of aging phenomena. However, specific changes ac-
companying the aging process should give rise to
important changes in spectroscopic properties of the
polymer. For these reasons we have undertaken a
detailed IR and XPS studies of aged EB. For clarity of
the discussion we discuss both cases of aging (air and
vacuum) separately.

Aging under vacuum

IR spectra of pristine EB and polymer aged for differ-
ent aging times are presented in Figure 4. In Table III,
plausible peak assignments are listed. The spectrum
measured in Figure 4 (a) is typical of polyaniline in the
EB oxidation state. The band at ca. 1600 cm ™' can be
attributed to C=C stretching in the quinoid type ring,
whereas the band at 1510 cm™' is due to a mixed
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Figure 4 FTIR spectra of pristine EB (a), EB aged for 40
days under vacuum at 140°C (b), and EB aged for 80 days
under vacuum at 140°C (c).

(C—C stretching + CH bending) mode of the benze-
noid ring."” Aging causes a relative decrease in the
intensity of the “quinoid” band (1600 cm™") with re-
spect to the “benzenoid” one®® (1510 cm™') [compare
Fig. 4 (a) b and (c)]. This phenomenon can be corre-
lated with a concomitant decrease of two bands at
1378 and 1310 cm ™', which are also attributed to qui-
noid segments. In the same time a new peak appears
at 1270 cm ™!, which can be assigned to the presence of
tertiary amine.”' The changes in IR spectra corroborate
the crosslinking process, which must involve the for-
mation of tertiary amines on the expense of imine
nitrogens with simultaneous aromatization of quinoid
rings.

TABLE III
FTIR Assignment

Wave number

(em™h) Peak assignment
1600 Stretching of N=Q=N
1510 Stretching of N—B—N
1378 stretching of C—N in QB,Q
1310 C—N stretching of QB.Q, QBB, and BBQ
830 C—H out of the plan bending on 1.4-ring

Q: quinoid unit, B: Benzenoid unit, B,: trans benzenoid
unit, B.: cis benzenoid unit.
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Figure 5 XPS Cls core level spectra of (a) pristine EB, (b) EB
aged for 1920 h under vacuum at 140°C, and (c) EB aged for
1920 h in air at 140°C.

The surface composition of EB has been investigated
by XPS. First, we have characterized the surface com-
position of pristine EB, and then we have followed the
surface composition changes induced by aging. Figure
5(a) shows the Cls spectrum of pristine EB. To a first
approximation the spectrum can be fitted with four
lines corresponding to four types of nonequivalent
carbon atoms: the aromatic or quinone carbons
bonded to hydrogen (C—H) at the bonding energy of
285 * 0.1 eV, aromatic carbons bonded to amine ni-
trogen (C—N) at 285.8 *= 0.1 eV, quinone carbons
bonded to imine nitrogen (C=N) at 286.5 = 0.1 eV, and
carbons of carbonyl groups (C=0) at 288.1 * 0.1 eV.*
The following composition of the surface can be es-
tablished on the basis of Cls spectrum of pristine EB:
C—H: 66%, C—N: 23%, C=N: 8% and C=0: 3%, which
is slightly different than the theoretically predicted
one, i.e., C—H: 66.66%, C—N: 25%, C=N: 8.33%. These
results confirm that carbonyl groups are present even
in nonaged polymer, at least on its surface. One must
note, however, that the discrimination between a qui-
none type carbon atom bonded to nitrogen and an
aromatic carbon atom bonded to nitrogen may be, in
some cases, difficult due to small difference in the
values of the energy of binding (EB) and large half-
width of the peak.” For these reasons we carried out
Nls XPS measurement, which give much clearer re-
sults. The Nls spectra were fitted using three contri-
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butions: imine nitrogen (—N=C) at 398.8 = 0.1 eV,
secondary amine nitrogen at 399.9 + 0.1 eV, and ter-
tiary amine nitrogen at 400.8 = 0.1 eV.**?® Alterna-
tively the presence of this peak of low intensity can be
attributed to incomplete dedoping of polyaniline,
which shows the presence of Cl even in samples
treated with NHj,, for extended time and then care-
fully washed. In such a case this peak must originate
from charged nitrogen species (—NH"—) as postu-
lated in refs, 10, 12, and 22. The Nls spectrum of
pristine EB (Fig. 6) shows a somewhat higher number
of secondary amine nitrogens (52%) than imine nitro-
gens (45%) with the presence of a small amount of
tertiary amine nitrogen (3%), whereas theoretical val-
ues expected for EB oxidation state are 50% of second-
ary amine nitrogens, 50% imine nitrogens with non-
tertiary amine nitrogens. Aging-induced changes in
XPS spectra are clearly visible [compare Fig. 5(a) and
(b) and Fig. 6(a) and (b)]. After 1920 h of aging a
significant increase of the content of tertiary amine
nitrogens is observed, from 3 to 9%, with a simulta-
neous decrease of the imine nitrogen content (from 45
to 31%). Similar changes occur in the Cls spectra. The
content of carbons connected to amine nitrogens (both
secondary and tertiary) increases (from 25 to 34%) on
the expense of imine nitrogens, whose content de-
creases from 8 to 7%.

403 402 401 400 399 398 397 396
eV
Figure 6 XPS Nls core level spectra of (a) pristine EB, (b)

EB aged for 1920 h under vacuum at 140°C, and (c) EB aged
for 1920 h in air at 140°C.
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Scheme 1 Crosslinking mechanism in EB.

It should be underlined that the results of XPS are in
very good agreement with those derived from IR stud-
ies, where similar trends were observed. We are
tempted to propose the following explanation of the
observed, aging-induced, spectroscopic changes. We
suppose that at high temperature the C=N double
bond breaks, leading to the aromatization of the qui-
noid ring with simultaneous formation of the free
radicals. These free radicals may react with free radi-
cals of an adjacent chain leading to the crosslinked
polymer (Scheme 1), which becomes insoluble. The
above-described mechanism of aging in oxygen-free
atmosphere was first suggested by Scherr et al.””

Aging in air

IR spectra of EB aged in air are presented in Figure 7.
Two distinctly different aging processes can be distin-
guished on the basis of the observed spectral changes.
The first process is essentially the same as that ob-
served for samples aged without the presence of oxy-
gen, and can be described by the mechanism proposed
by Scherr (vide supra). In particular, it is manifested
by the decrease of the intensity of the IR bands asso-
ciated with the quinoid rings (1600, 1378, and 1310
cm ') with respect to the peak attributed to the aro-
matic structure (1510 cm ™). Similarly, the band due to
tertiary amines appears at 1270 cm ™~ '. The influence of
the presence of oxygen is manifested in this case, only
as an acceleration of the crosslinking process.

The second aging process consists of the oxidation
of the polymer chain with concomitant creation of
carbonyl groups. The formation of carbonyl linkages
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Figure 7 FTIR spectra of pristine EB (a), EB aged for 40
days in air at 140°C (b) and EB aged for 80 days in air at
140°C ().

gives rise to an IR peak at 1680 cm ™', whose intensity

increases with the increase of the aging time.** A
bathochromic shift in C=O stretching frequency to
1680 cm ™ is indicative of the fact that the double bond
of the carbonyl group is in conjugation with the
bonding system of the polymer.

Cls XPS spectrum of the sample aged in air for
1920 h is shown in Figure 6 (c). The chemical compo-
sition of the polymer surface derived from this spec-
trum is as follows: C—H: 50%, C—N: 27%, C=N: 12%
and C=0: 11%. Thus, a strong increase in the content
of carbonyl functional groups is observed, which is
consistent with IR investigations. One should, how-
ever, notice that the halfwidth of the line attributed to
C=0 is 3 eV, which implies that this peak could, in
principle, be further decomposed. It is, therefore, pos-
sible that at the surface of the aged polymer, oxygen
may be present in a form of other than carbonyl func-
tional groups.”®?* In the Nls core level spectrum,
shown in Figure 6 (c), we observe a decrease of the
imine and amine nitrogen concentrations (34 and 45%,
respectively) and a strong increase of the tertiary
amine nitrogen content (21%). The results clearly con-
firm the data obtained from IR spectroscopy and show
that the crosslinking process proposed for EB aging in
vacuum (Scheme 1) occurs also in samples aged in air.
Again, it should be noted that the presence of oxygen
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accelerates the formation of tertiary amine type func-
tional groups.

As it was stated above, the analysis of Cls spectra of
nonaged and aged EB seems to indicate that several
types of chemically nonequivalent oxygen containing
groups may be present at the surface of the polymer.
This hypothesis was confirmed by Ols spectra (Fig. 8).
The most plausible decomposition of the spectra is as
follows: ketone (C=0) at 531.9 = 0.1 eV, hydroxyl,
ether, and bonded water (C—O—H, C—0O—C, H,0)
at 532.8 = 0.1 eV and ester (O=C—0O*—C) at 534 * 0.1
eV (the asterisk corresponds to the analyzed oxy-
gen).”** Based on this assumption we can determine
that the surface of pristine (nonaged) EB contains the
following types of oxygen bearing groups: ketone
26%, hydroxyl, ether, and bonded water 38% and ester
36%. We observed by elemental analysis that oxygen
in EB was mainly present in the form of residual
water. By XPS we point out that the presence of oxy-
gen has several origins: it is not only adsorbed at the
surface in a form of water but also is present in oxi-
dized segments, which are more abundant at the sur-
face of the polymer. Both results are not necessarily
inconsistent, because XPS is a surface analysis method
that artificially enhances the content of oxidized seg-
ments that are more frequent at the surface of the
polymer. We assume that the origin of this molecular

T T T T T T T T T T T T T J‘.
537 536 535 534 533 532 531 530 529

Binding energy (eV)
Figure 8 XPS Ols core level spectra of (a) pristine EB, (b) EB

aged for 600 h in air at 140°C and (c) EB aged for 1920 h in
air at 140°C.
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Figure 9 UV-Vis absorption spectra for (a) pristine EB and for EB aged in air at 140°C up to (b) 1440 h.

oxygen is due to the surface oxidation of EB powder
during the stocking time. Because this oxidation af-
fects only the surface, it is hardly detectable by ele-
mental analysis. The evolution of the spectrum caused
by aging can be characterized as follows: the content
of ketone groups increases from 36% for the sample
aged for 600 h to 65% for the one aged for 1920 h, the
content of hydroxyl, ether, and bonded water de-
creases from 28% for the sample aged for 600 h to 0%
for the one aged for 1920 h and the content of the
esters remain constant with 30% for the sample aged
for 600 h and 34% for the one aged for 1920 h. We
assume that hydroxyls and ether are unstable in the
oxidizing environment, and can be the precursor of
oxidation leading to ketone or esters. The major part of
oxygen is incorporated in the polymer chain in the
form of ketone, which is consistent with IR results.
On the basis of IR and XPS spectroscopic experi-
ments it is clear that aging in air induces a decreasing
content of imine and secondary amine functional
groups and an increasing content of tertiary amine
ones. Thus, the degradation mechanism must be in
this case of similar chemical nature as that elucidated
for vacuum-aged EB. It consists of thermally induced
breaking of m-bonds in imine groups with simulta-
neous creation of tertiary amine and, by consequence,
crosslinking centers. This process is accelerated in the
presence of oxygen. In addition to the catalytic role of
oxygen in the formation of crosslinked structure one
must postulate the phenomenon of oxygen incorpora-
tion to the polymer chain, predominantly in a form of
ketone groups but also as surface-confined ester
groups (vide supra). The results of elemental analysis

(Table I) show that the content of incorporated oxygen
may reach up to 7 wt % for 2000 h aging time in air at
140°C. It can also be correlated with the decrease in
both carbon and hydrogen content. We suppose that
the oxidation mechanism, which leads to the incorpo-
ration of oxygen, may also induce chain scission and
the departure of small hydrocarbon fragments. This
process can explain the loss of mass observed, in the
thermogravetric study, for long aging time. We can
notice that the mass loss and hydrocarbon fragments
departure are certainly underestimated because of ox-
ygen incorporation.

Aging also induces significant changes in UV-Vis-
nlR spectra of EB. Typical EB spectrum consists of two
absorption bands: the first at 320 nm (~ 3.8 eV) orig-
inates from the m—=* transition in the benzenoid rings,
and the second at 640 nm (~ 1.9 eV) is associated with
the intrachain excitonic transition from the highest
occupied energy levels (HOMO) (centered on the ben-
zenoid rings) to the lowest unoccupied energy level
(LUMO) (centered on the quinoid rings).*>*' This last
transition is the most affected by aging. The maximum
of the absorption due to excitonic transition (640 nm)
presents an hypsochromic displacement with aging
time, which is linked to a decrease in the conjugation
length.*>?* This hypsochromic shift is mainly ob-
served for air-aged samples (shown in Fig. 9), but is
also present, to a smaller degree, in vacuum-aged
samples. In the latter case the decrease in conjugation
is less pronounced because tertiary amines created
upon the degradation may participate in the conjuga-
tion via lone pair of electrons of the tertiary nitrogen
atom. Chain scission and incorporation of carbonyl
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Figure 10 Conductivity for pressed pellets EB vs. aging time for (A) powder aged under vacuum at 140°C and (M) powder

aged in air at 140°C.

groups, additionally observed, during aging in air
efficiently lower the conjugation length and act as
charge carrier trapping centers. This is clearly mani-
fested in the UV-Vis-nIR spectra.

The conductivity of pressed pellet aged EB has been
monitored for both aging conditions, as shown in
Figure 10. We observe a stronger loss of conductivity
in the case of air aged samples compared to the vac-
uum-aged ones. Again, this decrease of conductivity
can be correlated with the conjugation length de-
crease. This observation is rather obvious, because
each conjugation breaking defect induces more charge
localization and makes charge transport more diffi-
cult.

CONCLUSION

Complementary studies of EB degradation by elemen-
tal analysis, viscosity measurements, thermogravim-
etry, FTIR, XPS, and UV-Vis spectroscopies have
shown that in the case of vacuum aging the dominant
degradation mechanism consists of breaking of imine
double bonds with simultaneous formation of tertiary
amines and crosslinking. In air-aged samples in addi-
tion to the above-mentioned mechanism, other pro-
cesses take place, namely oxygen incorporation in a
form of ketone-type groups and chain scission. All
these processes strongly influence the average conju-
gation length, and by consequence, the conductivity of
the polymer, which decreases as a result of a decrease
in charge carrier mobility.
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