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Content: Effects on Conductivity and Thermal Stability
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ABSTRACT: Having in mind to produce electrically conductive carbon—epoxy composite
materials, we have filled an insulating epoxy resin with an electronic conducting
polymer, polypyrrole (PPy). To select the PPy that best suits this process, various PPys
were chemically synthesized. The syntheses were performed in water via a dispersion
polymerization route using, initially, either FeCl; (PPy—-Cl") or (NH,),S,O4 (PPy—
HSO,) as oxidizing agents. Then, using (NH,),S,04 as the oxidant, two other PPy
doped with aromatic species were obtained due to the dissolution of paratoluenesulfonic
acid (PPy-TS™) or naphtalenesulfonic acid (PPy—-NS ™) in the reaction media. The
characterization of the PPy samples by conductivity measurements, together with
elemental and thermal analysis, showed that PPy—-TS~ exhibits the highest conductiv-
ity and thermal stability, with the conductivity remaining steady over 14 days. In
addition, a stabilizing effect of the aromatic anions was observed. The experiments have
shown that moisture in the PPy cannot be entirely removed and that, with increasing
moisture content, the conductivity also increases, indicating an ionic conductivity
superimposed on the electronic conductivity usually observed in PPy. © 1998 John Wiley

& Sons, Inc. J Appl Polym Sci 70: 1567-1577, 1998
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INTRODUCTION

This study is part of our ongoing research project
to develop high-performance composite materials
with electrically conductive properties.

For years, the use of organic matrices for com-
posite materials has been widespread and widely
accepted by aircraft manufacturers. Composite
materials consist of fibrous reinforcements within
a polymeric matrix, where the interactions of the
constituents give overall mechanical and physical
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properties satisfying stiffness, mass, and temper-
ature requirements. However, polymeric matrices
used in composite materials are, by nature,
rather good electrical insulators. This property
does not enable the composite materials to deal
with the problem of electrostatic charge elimina-
tion usually encountered in the fuselage, wings,
vertical fin, and flaps. Indeed, the problem of
lightning strike protection has been solved by air-
craft manufacturers for several years. In fact,
various aircraft parts made of composite materi-
als are coated with a metallic braid lightning
conductor and a network of conductive aluminum
straps. However, an alternative solution can be
envisaged by improving the electrical conductiv-
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ity of the polymeric matrices. A general biblio-
graphic study’? shows that there are several
ways to make electrically conductive polymeric
matrices. Two kinds of electrically conductive
polymers can be distinguished. Extrinsic conduc-
tive polymers result from the combination of an
insulating polymer filled with carbon black or me-
tallic particles, which ensure the electrical con-
duction. These fillers can provide relatively high
conductivity,®* from 10~ to 0.4 S/cm for a ther-
mosetting polymer filled with less than 2% vol-
ume of carbon black. However, such fillers induce
significant increases in polymer specific mass. In-
deed, for most polymers used as matrices in high-
performance composites, the specific mass lies of-
ten between 1.1 and 1.4, while for carbon black or
aluminum, the specific mass is, respectively, 1.8
and 2.8. Intrinsic conductive polymers are electri-
cally conductive by themselves without any filler
and may exhibit conductivity close to that of cop-
per,® that is, 10 S/cm. Yet, these polymers are
usually very brittle and cannot carry any mechan-
ical load. Furthermore, they are difficult to pro-
cess and manufacture.!

The solution considered here is to combine the
previously mentioned approaches. An intrinsic
conductive polymer, namely, polypyrrole (PPy), is
used as a filler in an insulating polymeric matrix,
namely, epoxy. This solution does not provide
electrical conductivity as important as those ob-
tained with metallic or carbon black fillers but
they are quite sufficient to meet the specifications
required for the applications. In fact, the specific
masses of the epoxy matrix and the PPy particles
are, respectively, 1.23 and 1.4. In addition, be-
cause of the presence of NH groups in the polymer
chains, physical bonds between the epoxy matrix
and the polypyrrole particles are expected. These
bonds can result in an improvement of the me-
chanical properties of the conducting polymer.
From a manufacturing point of view, PPy remains
one of the easiest conductive polymers to synthe-
size, and the epoxy matrix can be very easily filled
with the manufactured polypyrrole particles. This
rather simple and rapid manufacturing process
has been chosen to meet the industrial process-
ability.

The aim of this study is to synthesize a con-
ducting polymer (PPy) that satisfies the following
requirements.

e It must be thermally stable so that the epoxy
matrix curing does not induce thermal deg-
radation.

e The particles’ volume fraction must remain
as low as possible in order to ensure electri-
cal conductivity without resulting in signifi-
cant modifications of the epoxy matrix’s me-
chanical characteristics. Therefore, the PPy
particles must be small in size and should
exhibit a narrow distribution of particle size.

e The final composite material reinforced with
carbon fibers must exhibit a sufficient elec-
trical conductivity. Therefore, the conducting
PPy must have a conductivity value as high
as possible.

e The entire manufacturing process must re-
main as simple as possible with high synthe-
sis yields.

BACKGROUND

During the last 20 years, several conducting poly-
mer studies have been undertaken. One of the
first conducting polymer was polyacetylene,®
which remains, to date, the most conductive (up
to 10° S/cm). However, it is unstable and difficult
to process. Since then, polyheterocyclic conduct-
ing polymers, such as PPy,” polythiophene,® and
polyparaphenylene, have been developed. It has
been shown that polyheterocycles, although less
conductive than polyacetylene, are more ther-
mally stable.? Indeed, PPy, which is easy to syn-
thesize, is thermally stable and remains resistant
to atmospheric agents,'®!! was chosen for this
study. For the synthesis of PPy, the dispersion
polymerization technique was used. This process
enables one to obtain a large quantity of conduct-
ing polymer in form of colloidal particles with a
narrow distribution of particle size'? and so this
enables to obtain a homogeneous distribution of
PPy in a polymeric matrix, resulting in both con-
ductivity and physical property improvement.
The polymer synthesis proceeds via an oxidation
of the pyrrole monomer with a simultaneous poly-
merization in micelles of steric stabilizer. Among
various oxidizing agents used in the literature,
the metallic salt iron(III) chloride (FeCl;) was
widely investigated.'®>2° This oxidizing agent
causes the formation of positive charges in the
polymer chain, and their displacement will result
in the conduction phenomena. Some milder oxi-
dizing agents [such as (NH,),S,04], which lead to
conductive and doped PPy as well, have also been
studied.?'22 Doping anions that achieve the elec-
trical neutrality of the polymer are present along
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the carbon backbone. They result from the decom-
position of the oxidizing agent but they can be
replaced by others anions provided by compo-
nents introduced in the reaction media. Thus, the
dissolution of an aromatic acid in the initial oxi-
dative solution can provide aromatic anions,
which are preferentially introduced along the car-
bon chain, imparting according to some au-
thors,?372% a better stability to the polymer.

This work compares the electric and thermal
properties of different PPy produced under various
conditions. First, PPy was obtained by using either
FeCl; or (NH,),S,0O4 as the oxidizing agent and
then, for a given oxidizing agent (NH,),S,0g), two
kinds of aromatic acids (2-naphtalenesulfonic acid
or p-toluenesulfonic acid) were added to replace the
initial doping species. Conductivity measurements
and thermal and elemental analyses were under-
taken for the different products. The influence of
the different doping species on the residual mois-
ture content in the synthesized PPy was then ex-
amined. The effect of the drying time on the mois-
ture content and its influence on the conductivity
were also investigated. Finally, the stability of the
conductivity was observed during 1 week under sys-
tematically controlled environmental and thermal
atmospheric conditions.

Based on these series of experiments, a selec-
tion of a PPy, which fulfills the described require-
ments and which is best suited as a filler for an
epoxy matrix, is presented. In addition, the na-
ture of the conductivity of the PPy is clarified.

MATERIALS

Chemical Products

Pyrrole (Aldrich, Gillingham, UK, 98%) was vacuum-
distilled and stored at 4°C in the absence of light.
2-Naphtalenesulfonic acid (HANS 70%, Aldrich), p-
toluenesulfonic acid monohydrate 98% (Janssen
Chemica, Geel, Belgium), poly(vinyl alcohol) 96% hy-
drolyzed, (PVA 96, Janssen Chemica), ammoni-
umpersulfate (NH,),S,0g, Janssen Chemica), iro-
n(IIT) chloride anhydrous 98% (FeCl;, Janssen

Cl-
.
3@ +8FeC13=C>[ }wpecg +6 HCl
N N

|
! |
H H H

Figure 1 Chemical polymerization of pyrrole with
FeCl,.

a) Py+ FeCl; ——> Py"—FeCl,>

b)  Py"—FeCl® +FeCl; —~—> Py" + FeCl; + FeCl, + CI’

Figure 2 Kinetic scheme of the polymerization steps
of pyrrole with FeCl; as an oxidizing agent.

Chemica), and iron(II) chloride (FeCl,, Prolabo, Paris,
France) were used as received.

Polymer Synthesis

As water is one of the most convenient and cheap-
est solvents,'®!* PPy was prepared via an aque-
ous dispersion polymerization similar to those de-
scribed in previous works.?672% 3.53 mL of pyrrole
monomer were added to a 500-mL aqueous solu-
tion containing the steric stabilizer (PVA 96 at a
PVA-—pyrrole mass ratio equal to 0.1227), the oxi-
dizing agent (NH,),S,04 or FeCly), and, in some
cases, an additional aromatic acid. The reaction
was allowed to proceed between 5 and 7°C!317
and for a pH lower than 3,2! which leads to a
highly conjugated polymer structure.

Synthesis with FeCl, as the Oxidizing Agent

The ferric ion Fe?" performs the pyrrole oxidation
via the reaction described in Figure 1.2 The dop-
ing anion in the synthesized PPy is C1~ (PPy-CI ).

A Kkinetic study carried out by Thieblemont et
al.?? gives a better understanding of the polymer-
ization mechanism. The reaction is acid-cata-
lyzed. In the first step of the mechanism described
by Thieblemont et al.,?° there is a donor—acceptor
complex formation [see Fig. 2(a)] enabling a
charge transfer from the 7 system of pyrrole to
the Lewis acid so that pyrrole oxidation is facili-
tated. The oxidation of the complex with FeClg
[see Fig. 2(b)] then leads to the formation of the
pyrrole radical cation, which initiates the poly-
merization.

The disappearance rate of pyrrole is expressed
in eq. (1), which shows that the FeCl; concentra-
tion has a significant influence on the polymeriza-
tion rate.

d[Pylldt= —K, -k, -[Py]-[Fe** ] (1)

In this equation, %, is the rate constant of the
oxidation reaction, and K, is the equilibrium con-
stant of the complex formation.

According to the stoechiometric coefficients as
seen in Figure 1 and to data in the literature,'%1°
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Szng- _ 2 SO‘;7

SO, +H,0 —> HSO, +OH

20H ——>H,0+1/20,

Figure 3 Dissociation reaction of (NH,),S,04 and
generation of SO, radicals.

the optimal FeCl;—pyrrole molar ratio is 2.3. In
addition, to avoid a suroxidation of the PPy pro-
duced caused by a long contact time with the
oxidative solution,’*'® FeCl, is added in a
[FeCl;]-to-[FeCl,] ratio of 30 before starting the
reaction. Finally, the pyrrole (Py) monomers are
introduced (Py is 0.1M), and the polymerization
takes place during 6 h. This extended reaction
time is due to the added FeCl,, which creates an
induction period, necessary for the formation of a
sufficient quantity of pyrrole oligomers.'®

Synthesis with (NH,),S,0; as the Oxidizing Agent

(NH,)5S,04 behaves as a dissociative initiator of
the polymerization through homolytic dissocia-
tion in two sulphate radical ions. The mechanism
is depicted in Figure 3.2° One of the reaction
products is the bisulfate anion (HSO, ), which
may be present along the polymer chain as a
doping anion (PPy—-HSO, ). The reaction then oc-
curs via a classical radical polymerization initi-
ated by the formed SO, radicals ions. This rad-
ical ion initiation of the polymerization follows
the scheme of Figure 4, where M is representative
of the pyrrole monomer. Several authors??2° have
pointed out that a chemically linked sulfur ion is
present at the end of the polymer chains when
(NH,)5S50g is used as the initiator.

In order to obtain a good conducting polymer
and a reasonable yield, (NH,),S,04 is dissolved in
the aqueous solution of a steric stabilizer having a
molar concentration of 0.1M.2! The pyrrole mono-
mer is then added with a (NH,),S,04-to-Py molar
ratio of 1. With a higher ratio, an increase of the
oxygen content in the polymer may be observed.
This increase can be described by the formation of
carbonyl groups, which diminishes the conjuga-
tion lengths and therefore deteriorates the con-
ductivity.?> However, a lower ratio leads to a
lower yield.?? The reaction is allowed to proceed
for 1 h. A longer contact time with the oxidative
solution results in a suroxidation of the formed
PPy. Oxygen liberated by the initiator decompo-

sition (see Fig. 3) attacks the chain of PPy and
reduces the conjugation length of the polymer.?!
Consequently, the polymer conductivity is re-
duced.

As previously explained, in some cases, aro-
matic acids (naphtalenesulfonic or paratoluene-
sulfonic) may be added to this reaction media in
order to replace the initial dopant. This was real-
ized before inserting the pyrrole monomers. The
dopant-to-pyrrole molar ratio should be 0.3 (ac-
cording to the usual doping level, which is be-
tween 0.25-0.33).” PPy doped with naphtalene-
sulfonate anions (PPy—NS™) and paratoluenesul-
fonate anions (PPy—TS™) will be obtained.

For the two PPy syntheses [with FeCl; or
(NH,)5S50g as the oxidizing agent], it is observed
that several seconds after the addition of pyrrole,
the reaction media takes the characteristic black
color of doped PPy (in presence of FeCl,, several
minutes are necessary). No precipitate is formed.
At the end of the reaction time, the dispersion is
then filtered and washed with water, ethanol, and
acetone. The obtained product is dried several
times under vacuum (0.09 MPa) and at ambient
temperature in the presence of desiccant salts.
Finally, in order to obtain a fine powder and to
break the agglomerates, the crude black powder
has to be crushed in a mortar. The final polypyr-
role is infusible and insoluble in all solvents.

All synthesis parameters are intimately
linked, and a modification of one of them results
in an important variation of the characteristics of
the product. Thus, the formation of nonspherical
particles was observed by some authors when the
correct order of addition of the reactants was not
followed.?” To guarantee the reproducibility of the
results, all conditions have to be respected.

METHODS
The elemental analyses were carried out in the

Central Analysis Service of the CNRS in Vernai-
son, France. The theoretical amount of polymer-

M+S80,° —— °MOSO;5
M + °MOSO;" —> °M,S05"
M + °M,080;" —> °M,»OSO5’

Figure 4 Initiation and propagation steps of the pyr-
role polymerization initiated by (NH,),S,0g.
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Table I Elemental Analysis of 4 Types of PPy Samples with Experimental and Calculated Values

Samples %C %H %N %S %Cl  %Fe %0 CN C/S NS myy,
PPy-HSO4~ Exp 449 43 109 7.3 — — 29.2 4.8 164 34 3.66
Calculated 493 34 144 10.9 — — 21.9 4 12 3 2.86
PPy-TS™ Exp 529 4.6 13 5.5 — — 24 4.8 25.5 5 2.20
Calculated 65.3 44 141 64 — — 9.7 5.4 27 5 2.63
PPy-NS~ Exp 50.3 4.2 129  5.04 — — 27.5 4.5 26.6 5.8 1.76
Calculated a  68.1 4.5 14 5.3 — — 8.0 5.6 34 6 3.16

Calculated b 62 4.1 16 6.25 — — 11.6 4.5 26.6 5.9
PPy-Cl™ Exp 69.5 4.1 12.9 — 10.4 6.7 15.8 4.5 13.3 3 4.28
Calculated 624 3.9 18.2 — 154 — — 4 12 3 5.31

ized pyrrole was calculated from the initial
amount of pyrrole in the polymerization solution
assuming that the general formula of PPy can be
described as [(C,H;N)**, x dop~] with x being
the sulfur-to-nitrogen S/N ratio. The S/N ratio is
representative of the doping level, while the Dop™
symbol is representative of the different dopant of
the PPy. The mass fraction (%) of the different
elements, present in each sort of PPy, are given in
Table I. The oxygen content was calculated by
subtraction of the other concentrations. The N/S
molar ratio represents the doping level, which is
representative of the number of pyrrole rings for
one dopant. Once the experimental N/S molar
ratio was determined, the theoretical percentage
of each element and the theoretic mass of product
were calculated for each sort of PPy. Experimen-
tal and calculated values are compared in Table I.

The conductivity was measured according to
the four-points probe method. A stabilized direct
current alimentation (Keithley model 224) was
used to apply an intensity of 1 mA on pellets of
dried PPy powder (200 to 300 mg pressed under 8
tons for 15 min). The resulting tension is mea-
sured with a precision of 0.05%, by a nanovoltme-
ter (Keithley 181) exhibiting an impedance of 10°
() in our measurements range. Since the conduc-
tivity depends on the pellet thickness, and be-
cause the various PPy have distinct moisture con-
tents, the amount of powder has to be adjusted so
that the same pellet thickness is obtained for each
of the synthesized PPy.

Thermogravimetric analysis (TGA) was carried
out on a Perkin—Elmer TGA apparatus (with a
sensibility of 10”7 g). The samples were submit-
ted to a temperature raise from ambient temper-
ature up to 350°C at the rate of 10°C/min. The
mass fraction of the residual moisture contained
in all samples, the degradation process, and the
degradation temperature of PPy can be observed.

RESULTS AND DISCUSSION

Chemical Composition

For all the synthesized PPy, the analysis (Table I)
shows an excess in the hydrogen and oxygen con-
tent. This was also observed by other authors.'®
Although the samples were dried for 24 h at am-
bient temperature under 0.09 MPa, they contain
a certain amount of water as shown hereafter.
The difference between the experimental and the
calculated data can be explained by the fact that
the increase of the H and O content results in a
decrease of the relative proportions of the other
elements and therefore lowers their mass frac-
tion. This means that an adequate ratio for com-
paring experimental and theoretical data are the
C/N and C/S molar ratios, as they should remain
constant.

For PPy-HSO,; and PPy-Cl~, the experimen-
tal C/N and C/S molar ratio are similar to those
calculated. They have a doping level of one dopant
for three pyrrole rings, which corresponds to the
usually reported PPy doping level.” In addition,
the elemental analysis of PPy—Cl~ shows that,
when FeCl; is used as the oxidizing agent, iron
coming from FeCl; and FeCl, cannot be entirely
washed out and remains in nonnegligible
amounts in the synthesized PPy.

For PPy-TS™, the theoretical and experimen-
tal values of the C/N and C/S molar ratios are in
good agreement. Consequently, it can be assumed
that this PPy has a doping level of five pyrrole
rings for one dopant, as calculated from experi-
mental and theoretical data. This doping level is
slightly lower than that for those generally re-
ported in the literature. In contrast, in the case of
PPy-NS™, the experimental C/S and C/N molar
ratios are very different from the calculated ratios
for a doping level of one naphtalenesulfonate an-
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Figure 5 Thermogravimetric study of the PPy-HSO,, PPy-TS™, PPy—Cl ™, and PPy—

NS~ degradation.

ion for six pyrrole rings (see Table I, PPy—NS,
calculated a). Since an identical N/S molar ratio is
found for the experimental and theoretical calcu-
lations, and because the experimental C/S ratio is
lower than expected in theory, it can be suspected
that a dopant other than NS~ is present. The high
sulfur content can be explained by the presence of
the codopant HSO, , which is formed through de-
composition of the initiator. The calculated
HSO} -to-NS™ molar ratio of 12/5 anions for 100
pyrrole rings agrees with the experimental data.
So, PPy—-NS™ is only slightly doped with NS, and
the main dopant is the bisulfate anion HSO, . It
can be assumed that because of their significant
volume, NS~ anions have difficulties inserting
themselves along the PPy chain. In addition, the
naphtalenesulfonic acid is only slightly soluble in
water. In order to reach the desired dopant-to-
pyrrole molar ratio of 0.3, a quantity of HANS
higher than the solubility limit has been added to
the reaction media. The remaining crystallized
HANS cannot insert along the carbon backbone
and hinders the polymerization reaction. There-
fore, a competitive incorporation of the codopant
HSO, is observed to produce the electrical neu-
trality of the polymer. The PPy—-NS™ synthesis
leads to a low yield and a polymer with a lower
doping level than for the other synthesized PPy.
In order to increase the yield and to reach the
desired doping level, the synthesis of PPy—-NS™
should be performed with a higher solvent volume

so that a dissolved dopant-to-pyrrole molar ratio
of 0.3 can be obtained. This will lower concentra-
tion of the reactants in the reaction media so that
the amount of produced PPy—NS™~ is low when
compared with the involved reaction volume.

In all cases, higher experimental values of C/S
or C/N can be assigned to the carbon excess
caused by the residual steric stabilizer. But, even
when the steric stabilizer, PVA 96, remaining in
the produced PPy is taken into account, the mass
of the synthesized product is relatively high for all
the samples except PPy—-NS™.

Thermal Stability

The result of TGA, which allows to study the
stability of the samples of the 4 kinds of PPy, are
shown in Figure 5.

Figure 5 represents the curve of mass loss
versus temperature showing two significant
mass losses. The first occurs at low tempera-
tures (between 30 and 100°C) and can be as-
cribed to the evaporation of water and residual
washing solvents (acetone, ethanol), which have
low boiling points. This is in good accordance
with the results of the elemental analysis, in
which the four PPy samples had excessive H
and O contents, which testify to the presence of
residual moisture in the PPy.

For the same drying period, this first mass loss
(AY) is not equivalent for all synthesized PPy
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Table II Thermogravimetric Analysis, Showing the Mass Loss Due to
Residual Moisture Evaporation (AY) and the Temperature

of Degradation
Composition
Measured Properties PPy-HSO, PPy-TS™ PPy-Cl™ PPy-NS™
Mass loss AY (%) 16.2 12.29 9.99 15
Degradation temperature (°C) 251 254 172 200

dried under the same conditions. The residual
moisture content depends on the kind of doping
anion (Table II), it is greater for PPy doped with
organic species than for the PPy doped with the
anion Cl~. Amongst all the synthesized PPy,
PPy-HSO, undergoes the highest mass loss. So,
PPy-HSOj is suspected to have a greater affinity
for water than the three other PPy samples (PPy—
TS, PPy—Cl~, PPy—-NS"), as will be discussed in
the PPy humidity affinity section.

For the PPy synthesized with (NH,),S,04 as
the oxidizing agent (PPy-HSO,, PPy-TS™, and
PPy—NS™), the first mass loss is followed by a
large zone of thermal stability. Then the main
mass loss, which corresponds to the polymer deg-
radation, occurs at elevated temperatures (Table
II and Fig. 5). Unlike PPy synthesized with
(NH,),S;04, PPy—C1™ does not exhibit any stabil-
ity zone, and its degradation begins immediately
after the solvents have been evaporated.

The degradation temperature of PPy—Cl~ oc-
curs at 180°C, whereas the PPy doped with aro-
matic anions (NS~ and TS™) and HSO, are sta-
ble, at least up to temperatures of 210°C. This
result for the PPy doped with Cl™ in the presence
of ferric residues, such as FeCl; or FeCl,, is con-
sistent with some reported data of previous
works, which show that inorganic dopants lead to
less stable PPy than those doped with aromatic
anions.?*?5 Indeed, some kinetic studies!®3%31
have stated that the inorganic anions decompose
at low temperatures and give degradation prod-
ucts, which are likely to react with the carbon

backbone of the polymer. However, Figure 5
shows that a plateau value in the 100—200°C
range is observed for PPy doped with HSO, .

Nevertheless, the structural stability does not
mean that the temperature has no influence on
the polymer conductivity.

Conductivity Measurements

The conductivity of the different PPy was mea-
sured. In order to get consistent results, the same
drying period and conditions were applied to all
products. The data are shown in Table III.

In spite of the use of the steric stabilizer PVA,
which is an electrical insulator difficult and ex-
pensive to wash out,'° the conductivity of PPy—
TS™, PPy—-HSO,, and PPy—Cl~ obtained by dis-
persion polymerization was high (between 1 and 6
S/cm). But, as was expected, PPy—NS™ has a low
conductivity. Indeed, since it has been argued
that decreasing the doping level induces a decay
of the conductivity,'® this observation is in agree-
ment with the low doping level observed in the
elemental analysis. For the other PPy samples,
the conductivity values reported in literature ei-
ther for PPy synthesized via a dispersion poly-
merization in aqueous media using FeCl; as the
oxidizing agent?®?” (PPy—Cl ") or for PPy solution
polymerization using (NH,),S,0g as the oxidizing
agent®® (Py—-HSO, or PPy-TS") are similar to our
data. Here, a better conductivity is observed for
the PPy doped with organic anions (HSO,, TS™)
when compared with the PPy doped with Cl .

Table III Conductivity Values Measured After a Drying Period of 23 h

Composition

Conductivity PPy-TS™

PPy-HSO,

PPy-NS~ PPy—Cl~

o (S/em) 5.78

3.08 2.1E* 1.59
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PPy-TS™ has the highest conductivity amongst
the four polymers (6 S/cm).

TGA has already shown that the moisture con-
tent of synthesized PPy depends on the doping
anion. Therefore, in the following part, the influ-
ence of the moisture content on the conductivity is
investigated. Since PPy—-NS™ synthesis requires
an important solvent volume to yield a satisfac-
tory amount of PPy, it is obvious that PPy—-NS™
does not fulfill the requirements of an industrial
application. This is the reason why this study was
only performed on PPy-TS™, PPy-HSO,, and
PPy-Cl ™. In addition, PPy-TS™ will be used to
investigate the influence of an aromatic dopant on
the studied phenomena.

PPy Humidity Affinity

In these experiments, different PPy were dried
under vacuum (0.09 MPa) at ambient tempera-
ture in the presence of desiccating salts. At dif-
ferent drying times, the samples of the various
PPy were removed from the vacuum bell jar and
submitted to TGA in order to determine the re-
sidual moisture content. Figure 6 shows the
changes in the residual humidity in the PPy de-
pending on the drying time.

The dashed lines curves of Figure 6(a—c) show
that there is a hyperbolic decrease of the moisture
content with increased drying time. At short dry-
ing periods, the moisture content decreases sig-
nificantly and converges on an asymptotic value,
which does not change even after 168 h drying.
Only the moisture content of PPy—Cl~ does not
stabilize after 168 h. Since under these conditions
(ambient temperature, 0.09 MPa) PPy-HSO,
shows the highest asymptotic value, it is clear, in
accordance with TGA results, that PPy-HSO/ is
the most hydrophilic of the polymers studied
here. The observed slower drying of PPy-TS™ can
be explained by the formation of agglomerates,
which hinders the solvent evaporation under vac-
uum.

For all the previously mentioned drying peri-
ods, each PPy sample was exposed for 168 h to a
controlled atmosphere (50% relative humidity
and 22°C) (solid lines of Fig. 6). The moisture
content was then evaluated by TGA. Figure
6(a—c) shows that after an exposure time of 168 h,
the final moisture content of the various PPy
reaches an equilibrium value. This value for a
given type of PPy is almost constant, it does not
depend on the initial moisture content of the sam-
ples. For PPy-TS™ and PPy-HSO,, the moisture
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Figure 6 Moisture content of (b) PPy-TS™, (¢c) PPy—
HSO47, and (a) PPy—Cl1~ versus the drying time under
vacuum of 0.09 MPa (dashed line), and after 7 days of
exposure to a controlled atmosphere (50% relative hu-
midity and 22°C) (solid line).

content after a drying period of 24 h under the
previously defined drying conditions is already
lower than their equilibrium values (11% RH for
PPy-TS™ and 12% RH for PPy-HSO,, respective-
ly), so these PPy absorb the humidity within the



DOPANT’S INFLUENCE ON PPy MOISTURE CONTENT 1575

air of the controlled atmosphere in order to reach
their equilibrium moisture content.

Unlike PPy—-HSO, and PPy-TS™, the moisture
content of the PPy doped with the inorganic anion
Cl™ decreases continuously during the exposure
and reaches a lower equilibrium value (9%).

Because all PPy exhibit a nonnil equilibrium
moisture content, these experiments show that
doped PPy seems to have a great affinity for hu-
midity. This is in good accordance with the results
reported in previous work,?? which notices that
PPy can only be dried under vacuum at elevate
temperature.

This can be explained by the disordered struc-
ture of PPy,!! which has a great fraction of free
volume, as well as the weakness of the polymer
chain interaction and the presence of heteroa-
toms. Indeed, they favor the penetration of small
ions and molecules, such as water. These mole-
cules are free or linked to the PPy chains by
hydrogen bonds with the NH groups. In addition,
as TS™, NS, and HSO, dopants favor water
linkage due to hydrogen bonds between water and
oxygen of the doping species, PPy doped with
organic anions exhibit higher equilibrium mois-
ture content than PPy doped with the inorganic
dopant C1™.

As a consequence, in order to determine the
real amount of dried PPy which must be incorpo-
rated in an epoxy matrix its water content must
be taken into account.

Influence of the PPy Moisture Content on the
Conductivity

After each drying period under conditions defined
in the previous section, a conductivity measure-
ment were performed for the various PPy. Figure
7 shows each measured value of the conductivity
versus the corresponding moisture content, which
was determined in the previous experiments.

Figure 7 shows that for each kind of PPy, the
conductivity increases with increasing moisture
content. This increase is particularly significant
at a low moisture content and decreases with
increasing moisture content. The general shape of
these curves is the same for all kinds of PPy and
is similar to those reported elsewhere.?? As was
already observed in the conductivity measure-
ments, PPy doped with HSO, and TS~ anions
exhibit the highest conductivity, PPy—-TS™ being
the most conductive.

In the previous part, the presence of the NH
groups ionized by water molecules in the PPy

p Conductivity (Scm)

3 /“
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Figure 7 Conductivity versus moisture content in
PPy-TS™, PPy-HSO4 ", and PPy-Cl".

samples was pointed out. In addition, the oxida-
tion (which leads to a conductive polymer) and the
reduction (which leads to the neutral, insulating
polymer) are respectively accompanied by the ac-
ceptance and the release of doping anions along
the polymer chain. These anions are therefore
mobile. This means that PPy consists of ionized
groups and anions, which can displace. Conse-
quently, these ions can move under the influence
of an electric field. Given that, drying decreases
the content of water molecules along the polymer
chain, with the content of ionized molecules
therefore decreasing so that the amount of charge
carriers decrease; this results in the observed de-
cay of the conductivity.

Although PPy is usually known for the elec-
tronic nature of its conductivity, this phenomena
shows that a ionic conductivity is superimposed
on the electronic one. Consequently, PPy is a
“mixed semiconductor.”

Conductivity Stability

PPy’s conductivity stability was studied during 7
days. The conductivity measurements were per-
formed on the various PPy (PPy-TS™, PPy-—
HSO;, and PPy-Cl"), which were submitted to
the following drying period (24, 48, 72, 168 h).
Each sample was then placed for 7 days under
controlled temperature (22°C) and relative hu-
midity (50% RH) and their conductivity was mea-
sured. The results are shown in Figure 8.

The solid lines of Figure 8 show that with in-
creasing drying time (analogous to decreasing
moisture content), the conductivity of the polymer
decreases. These curves have a similar shape to
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Figure 8 Influence of the drying period on the PPy
conductivity (PPy-TS~, PPy-HSO, and PPy-Cl ) and
changes in the conductivity during 7 days.

those in Figure 6, which show the evolution of
moisture content versus drying time. In both fig-
ures (6 and 8), the studied properties (moisture
content and conductivity) reach an equilibrium
value. This is in accordance with the observation
that the moisture content and conductivity are
directly related.

After 7 days of exposure (dashed line) to the
controlled atmosphere, the conductivity of PPy—
TS™ increases in the same way as the moisture
content in Figure 6. However, for PPy-HSO, the
conductivity decreases after 7 days of exposure to
the controlled conditions, although its moisture
content increases (Fig. 6). This decrease in con-
ductivity is caused by oxygen, which diffuses
through the polymer and reacts with the carbe-
nium ions of the chain so that the number of
positive charge carriers on the polymer chain de-
creases. The mechanism of diffusion of oxygen air
through the polymer was also reported by other
authors,'®3%3! who stated that the diffusion coef-
ficient increases with the relative air humidity.
TS~ anions, on the other hand, form a more stable
complex with the polymer chains so that the at-
tack of the chain by oxygen is hindered, and,
therefore, the conductivity is constant over the
period of 7 days. For all the PPy, a stabilization of
the conductivity is observed after 72 h.

The results obtained for PPy—Cl™ are less re-
producible. Nevertheless, it was observed that the
decrease in the moisture content corresponds to a
decrease in conductivity.

CONCLUSION

We have shown that PPy doped with paratoluene-
sulfonate anion TS~ and synthesized in an aque-

ous media via dispersion polymerization meets
with each one of the specifications described in
the introduction. Series of tests carried out by
TGA, together with conductivity measurements,
show that PPy—TS™ exhibits the highest electrical
conductivity and thermal stability compared to
other synthesized PPy. In addition, conductivity
measurements have shown that unlike other PPy
systems, PPy-TS™ conductivity remains steady
over more than 14 days. Moreover, the time re-
quired to perform the PPy-TS™ synthesis is rela-
tively short (an hour), which could enable PPy—
TS~ to be industrially manufactured. Owing to
their colloidal nature, PPy-TS™ synthesized par-
ticles have the potential to be mixed as synthe-
sized with the epoxy matrix. We have also studied
the PPy-TS™ humidity affinity and the nature of
the electrical conductivity in order to analyze the
electrical conduction mechanisms in PPy. The in-
fluence of the drying conditions on PPy moisture
content has been clearly assessed, and the effects
of absorbed moisture on electrical conductivity
have been studied. This allowed us to show that
PPy has a great affinity for air humidity and that
whatever the drying conditions are, water cannot
be entirely removed. Furthermore, our most im-
portant conclusion is that the PPy electrical con-
ductivity is highly dependent on the moisture con-
tent.

In fact, at low moisture contents (lower than
the equilibrium value), a slight increase of this
content results in a great increase of the conduc-
tivity value. At contents higher than the equilib-
rium moisture content defined for each kind of
PPy, the influence of this residual humidity on
the conductivity becomes less significant. This
equilibrium value is representative of the water
content sufficient to ionize some ionizing groups
of the polymer chain such as NH groups and to
solvate the doping anions, which participate in
the conduction phenomena.

A higher moisture content would not signifi-
cantly improve the conductivity and would lead to
a greater volume of evolved gas when PPy mixed
with the epoxy resin is submitted to the curing
treatment. This would lead to a greater propor-
tion of void content in the final material. These
voids damage the mechanical®® and electrical
properties of the composite and therefore must be
avoid.

Thus, these findings indicate that two kinds of
conductivity occur in PPy. The first, achieved by
the displacement of the positive charges on the
carbon backbone, is of electronic nature. The sec-
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ond, of ionic nature, consists of the displacement
of the doping anions and ionized water molecules
along the polymer chain under an electric field.
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