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Abstract

The long-term environmental ageing of conductive composite films containing ethylene-co-vinyl-
acetate (EVA) copolymer and a complex of polyaniline (PANI) and dodecylbenzenesulfonic acid
(DBSA) was studied by using differential scanning calorimetry (DSC). We assume that both phase
separation and crosslinking of PANI main chains occur in the systems. On the other hand, the com-
petition between PANI-DBSA complex self-organization and crystallization of EVA matrix result
in structural changes and formation of continuous conductive network, responsible for significantly
increased (ca five orders of magnitude) electrical conductivity of the aged films.

Keywords: ageing, crystallinity, differential scanning calorimetry, ethylene-co-vinylacetate
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Introduction

The disadvantages of the intrinsically conductive polyaniline (PANI) such as insolubility,
infusibility and hence non-processability often hinder its potential applications. Several
methods were used to overcome these disadvantages including N- and ring-substitution
of aniline by aliphatic large radicals, or preparation of blends/composites with conven-
tional thermoplastic polymers — polyethylene, polypropylene, poly(methylmethacrylate)
etc. [1-5]. In order to increase the mobility of the rigid-rod PANI chains and to improve
the compatibility and miscibility of PANI with matrix polymers, PANI has been doped
with functionalised protonic acids, which usually serves as a surfactant, such as
camphorsulfonic acid (CSA) [6-11], dodecylbenzenesulfonic acid (DBSA) [2, 12—15] or
other acids with long alkyl chains [16—19]. The bulky non-polar hydrophobic tail of the
dopant renders PANI in a conducting form more soluble in non-polar or weakly polar or-
ganic solvents and facilitates the processing of PANI by using conventional techniques
[20-23]. The glass transition temperature (7,) of these complexes, ¢.g. PANI-DBSA, is
low enough for optimal processing with thermoplastic polymers such as ethyl-
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ene-co-vinylacetate (EVA) copolymer [24] which offers excellent ozone and weather re-
sistance as well as good mechanical properties.

It is of great importance to study the interactions between the three constituents
in the PANI-DBSA/EVA composites, their supermolecular structure and thermal
stability. During processing and storage such composites can be exposed to elevated
temperature and changes in their structure can take place (chain defects, crosslinking,
etc.). Such structural changes are responsible for relaxation and phase transitions, and
deviations in the electrical conductivity of the composites.

It has been found that thermal treatment of PANI-emeraldine base (EB) leads to
non-reversible chemical crosslinking reactions between the macromolecules result-
ing in a two-dimensional polymer structure of phenasine type [25-29]. By using dif-
ferential scanning calorimetry (DSC) we have recently found [30] that the
crosslinking process in PANI-EB films proceeds both upon short-time heating of the
polymer over 80°C or during a long-term (1 year) storage of the films at room tem-
perature. It was also found [30] that relaxation transitions can be recorded only for
crosslinked PANI-EB and registration of 7, upon the first heating of aged PANI-EB
appeared to be an evidence for crosslinking taking place under ambient conditions.

Thermal ageing in various conducting PANI composites protonated with hydro-
chloric acid and containing polymers with sulfonic groups has been also investigated
[31]. It has been found that the presence of sulfonic groups retards the ageing process
and the electrical conductivity decreases with ageing time (from 0 to 300 h at 70°C).

In the present investigation we report a DSC study of long-term (up to four
years) environmental ageing of PANI-DBSA/EVA composite films of various con-
tent of the conductive polymer (from 0 to 17.5 mass%) to explore the structural
changes, responsible for the thermal stability and electrical conductivity variations of
the composites.

Experimental

Reagent-grade aniline, xylene and ammonium peroxydisulfate (APDS) were pur-
chased from Fluka. EVA copolymer containing 11 mol% of vinyl acetate units
(Elvax 210, DuPont) and DBSA (Tokyo Kasei) were commercial products, used as
received.

Aqueous dispersion of PANI-DBSA complex was prepared by oxidative poly-
merization of aniline in the presence of DBSA in aqueous media, using APDS as an
oxidant according to the procedure described previously [32].

PANI-DBSA/EVA composites were prepared by mixing appropriate amount of
thus obtained aqueous dispersion of PANI-DBSA complex with 1% xylene solution
of EVA. They were formulated based on different content of the net PANI in the
composites, varying from 0.25 up to 17.5% by the mass of EVA/PANI blend (Ta-
ble 1). After stirring for 2 h at room temperature, free standing films of the compos-
ites were cast in Petri-dishes and the solvents were evaporated in vacuum. The thick-
ness of the films was ca 120 pm. The samples were not kept under any special condi-
tions, i.e. they were exposed to the ambient atmosphere (20-25°C, ca 80% humidity).
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Table 1 Thermodynamical characteristics of the composites studied

PANT/ Before ageing After 1 year After 4 years
mass?o Tp/°C  Tpol°C  Twa/°C  T,/°C  AH /g Tmi/°C  Twp/°C  T,3/°C 7,/°C  AH./1g" T,/°C
0 34.5 48.9 63.5 -25.0 159 41.0 52.0 65.0 —24.5 16.0 —243
2 35.7 47.9 62.3 -21.6 259 48.5 51.6 64.5 -11.0 339 —6.4
5 35.0 49.6 63.8 -19.0 41.0 57.0 62.1 72.0 -8.0 77.4 0
7.5 355 55.0 66.3 -17.3 444 - - - - - -
10 36.5 57.5 69.0 -15.5 39.7 57.6 63.1 73.5 -7.2 88.2 -
17.5 37.5 58.0 70.0 -10.7 344 58.0 66.2 76.0 2.9 78.3 16.0
100 - - - 65.0 - - - - 73.0 - 92.0

T, m2, m3 — melting temperatures for EVA copolymer; 7, — glass transition temperature for PANI = DBSA complex; AH — heat of fusion for EVA

melting
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Thermal studies of the films as received and aged for one and four years under
environmental conditions were performed on a Perkin Elmer DSC 7 differential scan-
ning calorimeter in nitrogen atmosphere in the temperature range of —-40—-180°C and
heating rate of 10°C min'. The instrument was calibrated by using indium and lead as
standards. Samples of about 10 mg were sealed in standard aluminum pans with
holes.

Thermogravimetric analysis (TG) was carried out on a Paulik—Paulik—Erdey,
OD-102 apparatus (MOM, Hungary) in air, using scanning rate of 10°C min™".

Results and discussion

As mentioned above, a crosslinking process proceeds in PANI-EB upon a long-term
storage under ambient conditions [30]. The greater the number of crosslinks, the
higher the T, of the films cast. In our previous paper [24] it was shown by using DSC
that only single 7, of PANI-DBSA/EVA composites appeared upon heating. It grad-
ually increases according to classical Fox’s equation [33] that correlates the 7, of a
miscible blend system with its composition (Fig. 1, curves 1 and 2). This is an evi-
dence for the miscibility and compatibility of PANI and EVA copolymer. As seen
from the results presented in Table 1 and Fig. 1, 7, of the EVA copolymer does not
change within the ageing period and the 7, of PANI-DBSA complex and of all the
composites studied rise after ageing and the corresponding values do not obey the
Fox’s equation. Moreover, the longer the ageing period, the higher the 7,. Further-
more, the crosslinking process proceeds at the highest extent in samples of low PANI
content (Fig. 1, curves 3 and 4) as inferred from the faster rise of 7, with increasing
PANI content. As it is seen from Table 1 the increase of 7, after one-year ageing of
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Fig. 1 T, of PANI-DBSA/EVA composite films vs. PANI content; 1 — estimated ac-
cording Fox’s equation; 2 — as-received; 3 — after one-year ageing; 4 — after
four-year ageing
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the neat PANI-DBSA complex as well as of PANI-DBSA/EV A composites contain-
ing more than 10 mass% of PANI, is approximately the same (ca 8°C higher than the
corresponding 7, before ageing). An additional rise of about 19°C is observed for the
same systems after environmental four-year ageing. Thus, it can be supposed that the
crosslinking degree of PANI in the neat complex and in the composites of higher
(more than 10 mass%) PANI content is similar and the EVA copolymer matrix do not
affect this process.
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Fig. 2 DSC curves of PANI-DBSA/EVA composite films with different PANI content,
registered upon heating up to 180°C at a heating rate of 10°C min ';
(a—as-received: 1 — 0 mass%; 2 — 0.25 mass%; 3 — 2 mass%; 4 — 5 mass%;

5 —7.5 mass%; 6 — 10 mass% and 7 — 17.5 mass%; b — after one-year ageing:
1 — 0 mass%; 2 — 2 mass%; 3 — 5 mass%; 4 — 10 mass% and 5 — 17.5 mass%)

It was recently found [34] that the conductivity behaviour of PANI-DBSA/EVA
composites is variable and dynamic during storage. The electrical conductivity of the
films of low PANI content (up to 2.5 mass%) was found to increase by several orders
of magnitude over a period of eight months. Phase separation in composite films, re-
sulting in formation of PANI enriched and PANI deficient areas was established dur-
ing storage of these composites [35]. It was assumed that a process of flocculation of
PANI particles occurs, resulting in additional conductive pathway formation, giving
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rise to significantly enhanced conductivity of the composites [36]. As it is shown
above, at the same time a crosslinking process between PANI main chains takes
place, resulting in a continuous increase of 7, in spite of the presence of EVA copoly-
mer matrix, particularly in composites containing more than 10 mass% of PANI.
Consequently, it can be stated that both phase separation and PANI chains
crosslinking are responsible to the formation of continuous conductive network and
increased electrical conductivity of aged PANI-DBSA/EVA conductive films.

DSC traces of PANI-DBSA/EVA composites with PANI content from 0 to
17.5 mass% before and after one-year ageing are illustrated on Fig. 2 (Fig. 2a and
Fig. 2b, respectively). A broad multimodal melting peak at 30-90°C for all samples is
observed. It has been previously established by differential thermal analysis (DTA)
that two or three melting peaks appear upon heating the neat EVA copolymer, reflect-
ing the original structure of the samples [37]. The lowest temperature peak (T',,,) is as-
signed to the melting of fringed micellar crystals, and the others (7, , and 7 ), to the
melting of more perfect chain-folded crystals due to the compositional and configura-
tional heterogeneity in the EVA copolymer [38]. In our recent DSC study [24] we
have shown that similar multiple peaks appear also upon heating of PANI-
DBSA/EVA composites. Now it is seen (Fig. 2) that in EVA melting range the gen-
eral shape of the traces for corresponding PANI containing samples prior to and after
one-year ageing are similar. However, the following differences were observed: (i)
the melting temperature of the aged films is shifted up to higher values (Table 1); (ii)
transformation of the peak at 7, , into a shoulder for the composites of low PANI con-
tent (up to 5 mass%); and (iii) more pronounced peak at T’ , for all samples after age-
ing (Fig. 2). Due to the partial superposition of the melting peaksat T’ , T, ,and T _,,
the heat of fusion (AH,) for EVA melting was analyzed by determining the total
broad area of the multimodal peak.
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Fig. 3 Dependence of T;,, of PANI-DBSA/EVA composite films on PANI content
(1-T11, as received; 2 — T,,;, aged for one year; 3 — T, as received; 4 — Tin,
aged for one year; 5 — T,y3, as received; 6 — 7,3, aged for one year)
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As seen from Fig. 3, curve 1, 7, , values of as received composites are almost equal
at various PANI content, i.e. EVA and PANI do not form mixed fringed micellar crystals
during the film formation. PANI-DBSA complex and ‘free’ DBSA molecules are uni-
formly dispersed in the nonpolar EVA copolymer matrix [34]. The intensity of the peaks
at 7,,, however, decreases with increasing PANI content and they become more diffuse
(Fig. 2a). This means that the presence of PANI-DBSA in PANI-DBSA/EVA compos-
ites hinders the fringed micellar crystallization and the higher the PANI content the lower
the content of such EVA crystals. As mentioned above, after one-year ageing the peak at
T, is transformed into a shoulder for the composites of low PANI content (up to
5 mass%) (Fig. 2b). It can be supposed that during the phase separation and crosslinking
of PANI chains a part of the unstable fringed micellar EVA crystals are destroyed and in-
volved into the amorphous phase. On the other hand, they have higher melting tempera-
ture than the corresponding crystals before ageing, i.e. these crystals become more per-
fect. Maybe it is due to the flocculation of PANI particles, thus reducing their hindering
effect on EVA fringed micellar crystallization, particularly at PANI content up to ca
5 mass% (Fig. 3, curve 2).

As seen from Fig. 3, curves 3 and 5, T, , and 7, corresponding to the melting of
less and more ordered EVA chain-folded crystals [37], respectively, registered during
the heating of PANI-DBSA/EV A composites, initially slightly decrease and then en-
hance with increasing PANI content. It is also seen that the intensity of these peaks
rises up to PANI content of 7.5 mass% (Fig. 2a), resulting in higher heat of fusion
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Fig. 4 DSC curves of PANI-DBSA/EVA composite film with PANI content of
5.0 mass% registered upon heating up to 180°C at a heating rate of 10°C min';
(1 — as-received; 2 — after one-year ageing; 3 — after four-year ageing)
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(Table 1). In our previous paper [24] we suggested that PANI affects EVA crystalli-
zation as follows:

1. Up to 2 mass% of PANI: The crystalline EVA structures become more defec-
tive by mixing with more amorphous PANI. Thus, 7, , and T, slightly decrease on in-
creasing PANI content (Fig. 3, curves 3 and 5). On the other hand, AH_ increases (Ta-
ble 1) due to the ordering of ‘free’ DBSA long alkyl chains present in the composites.

2. Between 2 and 10 mass% of PANI: The maximum value of AH  is at 7.5 mass%
of PANI (Table 1). The degree of crystallinity rises due to thickening of EVA
chain-folded crystalline lamellae with participation of alkyl chains of both ‘free’ and
electrostatically bounded DBSA molecules. The melting of these mixed crystals is re-
tarded resulting in a shift of 7, and 7, , to higher values (Fig. 3, curves 3 and 5).

3. Over 10 mass% of PANI: 7, , and 7, ; do not change (Fig. 3, curves 3 and 5)
and AH_ decreases on increasing PANI content (Table 1). Phase separation occurs
and PANI-DBSA complex forms its own crystals (Fig. 2a, traces 6 and 7), thus, the
peak intensity and AH _ appear to be lower.

After one-year ageing the same effects are observed on increasing PANI con-
tent. However, due to the above mentioned flocculation process resulting in forma-
tion of PANI enriched (more amorphous) and PANI deficient (more crystalline) ar-
eas, the melting temperature of EVA chain-folded crystals and their AH  are shifted
to higher values (Table 1, Fig. 3, curves 4 and 6).

In our previous paper [24] we considered that more stable chain-folded crystals
were melted at 7' ;. It is seen from Fig. 4 that the endothermal effect at T’ , becomes
more pronounced during the ageing of the PANI-DBSA/EV A composite containing
5 mass% of PANI. Besides, in contrast to the initial composites, PANI-DBSA com-
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Fig. 5 Mass loss on heating of PANI-DBSA complex vs. temperature; TG data (1 — as
received; 2 — after four-year ageing)
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plex in aged films even of highest PANI contents does not crystalline separately
(Fig. 2b). We assume that the peak at T, is due to the melting of mixed EVA and
PANI-DBSA crystals.

TG results show that PANI-DBSA complex (Fig. 5, curve 1) is thermally stable
up to approximately 200°C, only absorbed water (ca 2 mass%) being removed.
DBSA bounded electrostatically as a counterion has been evolved above 270°C. The
‘free’ DBSA is uniformly distributed in the system, being ordered between fixed
DBSA alkyl tails or forming its own crystals [39]. After long-term storage the physi-
cal bonds between the ‘free’ DBSA molecules and PANI chains weaken, they can
move more easily and ‘free” DBSA starts to evolve from the system upon heating to-
gether with the absorbed water (Fig. 5, curve 2). Electrostatically bounded DBSA,
however, remains stable up to ca 270°C. Upon heating after four-year ageing period
they evaporated from the PANI-DBSA/EV A composites before melting of the crys-
tals, thus resulting in decreased heat of fusion (Fig. 4).

From the present DSC and TG results obtained for PANI-DBSA/EV A compos-
ite films of net PANI content up to 17.5 mass% we can suggest that both phase sepa-
ration and crosslinking of PANI main chains proceed during the long-term environ-
mental ageing. On the other hand, a competition between PANI-DBSA complex
self-organization and crystallization of EVA matrix occurs in the composites studied.
Besides, the structural changes and formation of an additional continuous conductive
network taking place during the ageing result in substantial increase (ca five orders of
magnitude) of electrical conductivity of the films measured previously [34-36].
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