
Introduction

Extensive research has been done over the last 30 years
concerning conducting polymers. Among these, poly-
pyrrole (PPy), polyaniline and polythiophene have been
studied most widely to date [1, 2, 3]. These polymers
have various potential applications, such as composite
materials [4, 5], biomedical tests [6, 7, 8] and corrosion
control of metal [9, 10].

PPy, a heterocyclic polymer, is one of the most
promising conducting polymer because under certain

circumstances it may have high electrical conductivity
[11], good environmental stability [12] and is easily
synthesized. However, some factors currently limiting
the applications of PPy include its poor mechanical
strength and thus low processability, on the one hand,
and high costs, on the other hand.

Improvement of these material properties can be
achieved, for example, by forming hybrid organic/inor-
ganic PPy (nano)composites [13, 14, 15], PPy blends
with some commercially available insulating polymers,
such as poly(alkyl methacrylate)s [16], PPy colloidal
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Abstract Polypyrrole (PPy)-coated
poly(vinyl chloride) (PVC) powder
particles were prepared by the in situ
chemical polymerisation of pyrrole
in aqueous solutions in the presence
of PVC powder particles. The PVC
particles in suspension served as a
hydrophobic substrate for the in situ
polymerisation of pyrrole using iron
chloride as the oxidising agent and
sodium p-toluene sulfonate. In these
conditions, tosylate-doped PPy
(PPyTS) was obtained and chlorides
were inserted as minor codoping
species. In some cases, the pyrrole
was polymerised after incubating the
PVC particles with poly(N-vinyl
pyrrolidone). Scanning electron
microscope (SEM) micrographs
showed that the PVC particles re-
tained their initial, quasispherical
shape after coating by PPy. At low
magnification, the coated PVC par-
ticles appeared smooth, but at high
magnification, they exhibited a dec-
oration by elementary nanoparticles

of about 200-nm size due to PPy
bulk powder grains. Elemental
analysis indicated a mass loading of
PPy in the range 1–58% w/w. Spe-
cific surface analysis by X-ray pho-
toelectron spectroscopy (XPS)
resulted in the spectra of the PPy-
coated PVC particles resembling
those of bulk powder PPyTS even
for low PPy mass loading. The sur-
face fraction of PPy repeat units was
found to vary in the 55–91% range.
This result is consistent with the
SEM observation of the PPy nano-
particles at the surface of PVC
powder grains. However, despite the
important loading of PPy, the XPS
estimation of the overlayer thickness
is in favour of a patchy coating ra-
ther than continuous coatings of
PPy.
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particles [17] and PPy-coated polymer latex particles [8,
18, 19, 20, 21, 22, 23] or polymer powder [24]. All these
approaches are well documented and the results from
several laboratories indicated improvement of process-
ability and conductivity.

Of relevance to the present work, poly(vinyl chloride)
(PVC) powder particles were suspended in aqueous
solutions and served as substrates for the in situ poly-
merisation of chloride-doped PPy (PPyCl) [24]. The
main objectives were to improve the processability of
PPy and study the electrical properties in relation to
surface morphology of the PPy-coated particles.

Interfacial phenomena in composite materials are of
paramount importance and require surface specific
techniques to characterise the thermodynamics and
chemistry of the interacting species. Actually, the long-
term performance depends critically on the level of
interaction and thus on the adhesion between the matrix
and the discontinuous phase. For example, in PPy
composite materials, the conducting polymer would act
as the dispersed phase and the flexible polymer as the
continuous one (matrix).

Understanding adhesion bonding at composite
interfaces relies, partly, on the chemical information
obtained by materials and adhesion scientists using
X-ray photoelectron spectroscopy (XPS) and other
(related) techniques. The interfacial chemistry is indeed
a key parameter in understanding adsorption, wetting
and adhesion of polymers and other materials.

As far as we are concerned, we have long used XPS to
characterise interfacial properties of conducting PPy
powders [25, 26, 27, 28], latexes [8, 23, 29, 30, 31, 32] and
composites [14]. In the case of PPy powders, XPS was
effective in studying their capacity to adsorb homo-
polymers [25], polymer blends [28] and diblock copoly-
mers [27]. The extent of adsorbed flexible polymer was
mainly related to the nature and physicochemical
properties of the casting organic solvent.

This work concerns the reverse situation, that is, the
formation of PPy coatings onto a flexible polymer
powder, namely PVC. In previous work, we have used
XPS to characterise polystryrene latex particles coated
with PPy [8, 29, 30], polyaniline [31] and poly(eth-
oxydiethoxy thiophene) [32] in order to determine the
surface coverage of the underlying insulating polymer
latex by the conducting polymer coating. For example,
high-surface-area latex particles were found to be
poorly coated with PPy, whereas low-surface-area
particles were fairly well coated with thick PPy over-
layers. However, this is not the only important crite-
rion for thick and homogeneous coatings of PPy.
Several studies from our group conclusively showed
that the hydrophobic nature of the substrate is an
essential key in obtaining good PPy adhesion, the
conducting polymer acting either as a substrate [33] or
as a coating [34].

The aim of this work is to study by means of XPS the
surface chemistry of PPy-coated PVC powder particles
prepared in water in relation to the surface morphology
examined by scanning electron microscopy (SEM), on
the one hand, and the bulk chemical composition, on the
other hand. The composite materials were prepared
using a published protocol [24] where PVC acted as an
organic, hydrophobic substrate for the in situ polymer-
isation of pyrrole using the oxidizing agent ferric iron
chloride (III) and sodium p-toluene sulfonate (NaTS) for
the insertion of p-toluene sulfonate (or tosylate) as the
major dopant, chlorides being coinserted as minor ones.
The preparation of tosylate-doped PPy (PPyTS) in the
presence of PVC powder was preferred to that of PPyCl
because the former is known to be much more stable
than the latter [35, 36].

Experimental

Materials

Pyrrole (Acros) was purified by passing it through a column of
activatedbasic alumina (Acros) prior topolymerisation.FeCl3Æ6H2O
(Aldrich) and NaTS (supplied by Acros) were employed without
further purification. PVC (molecular weight 180,000, Acros) and
poly(N-vinyl pyrrolidone) (PVP) (molecular weight 24,000, Roth)
were used as received. Water was distilled twice prior to use.

Synthesis of bulk powder PPyTS

Pyrrole (0.5 ml, 7.2 mmol) was added via a syringe to 100 ml of a
stirred aqueous solution containing FeCl3Æ6H2O (4.87 g, 18 mmol)
and NaTS (3.5 g) at room temperature. The oxidant-to-pyrrole
molar ratio was 2.5, close to the optimal value recommended by
Armes [37]. The reaction solution was stirred for 24 h and the
resulting black precipitate was vacuum-filtered and washed with
copious amounts of deionised water until the washings were clear.
The powder was then dried in a desiccator overnight before char-
acterisation.

Synthesis of PPy-coated PVC powder particles

PPy-coated PVC powder particles were synthesized under the
same conditions as previously mentioned but in the presence of
PVC particles. In two other cases, PVP was added to the reac-
tion media. The proportions of the chemicals used for the
preparation of the composites are summarised in Table 1. The
composites are abbreviated by PPy–PVC-x and PPy–PVC-x–
PVP, where x stands for the initial PVC-to-pyrrole ratio in grams
per millilitre.

All the PPy–PVC-x were prepared as mentioned for PPyTS
except that PVC particles were suspended in the oxidant solution
prior to the addition of pyrrole.

In the case of the PVP-containing composites 1 and 2, the
preparation procedure differed in the order of introducing PVP:

1. Composite 1: PVP was first dissolved in 100 ml water before
introduction of FeCl3Æ6H2O and NaTS. Then PVC particles
were suspended in the solution prior to introduction of pyrrole
at once.
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2. Composite 2: PVP was first dissolved in water, then PVC
particles were suspended. This step was meant to permit to the
water-soluble PVP to adsorb onto the PVC particles prior to the
insertion of the oxidant, NaTS and then pyrrole.

Elemental analysis

Bulk powder analyses were performed at the Service Central
d’Analyse (Vernaison, France).

Scanning electron microscopy

SEM micrographs were obtained with a Cambridge 120 that was
completely controlled using a computer workstation. The filament
was zirconated tungsten and the accelerating voltage was set at
20 kV. All specimens were coated with gold prior to analysis in
order to avoid or to limit static charging effects.

X-ray photoelectron spectroscopy

A Surface Science Instrument spectrometer equipped with a
monochromatic Al Ka X-ray source (1,486.6 eV) was used at a
spot size of 1,000 lm. The takeoff angle relative to the sample
holder surface was 35�. The pressure in the analysis chamber was
about 5·10)9 mbar. The pass energy was set at 150 and 100 eV
for the survey and the narrow scans, respectively. The step size
was 1.12 eV for the survey spectra and 0.078 or 0.96 eV for the
narrow scans. Charge compensation was achieved with a flood
gun of 0–3-eV electrons and a nickel grid placed 1 mm above the
powder specimen holder. In these conditions, only the powder
under test could be analysed by XPS and absolutely not the
nickel grid (see later). Data processing was achieved with Win-
spec software, kindly supplied by the Laboratoire Interdiscipli-
naire de Spectroscopie d’Electrons (Namur, Belgium). The
spectra were calibrated against the main N 1s peak from PPy
centred at 399.7 eV [38]. The surface composition was determined
using the manufacturer’s sensitivity factors. The fractional con-
centration of a particular element, A (% A), was computed using

%A ¼ IA=sAð Þ
P

In=snð Þ � 100%; ð1Þ

where In and sn are the integrated peak areas and the sensitivity
factors, respectively.

Results and discussion

All PPy–PVC-x composites were black as bulk powder
PPyTS. However, the PPy–PVC-x–PVP composite
powders were dark greyish indicating a lower mass
loading of PPy.

Scanning electron microscopy

SEM micrographs of PVC, PPyTS, PPy–PVC-25 and
PPy–PVC-25–PVP (1) and (2) are shown in Fig. 1. PVC
exhibits polydisperse spherical or ovoid powder particles
(Fig. 1a) and exhibits the morphology of molten wax
(Fig. 1b) at higher magnification (x10,000). PPyTS looks
like a spongy material (Fig. 1c) at low magnification
(x75) and exhibits a nodular structure (Fig. 1d) with
nanoparticles in the 200-nm size range at high magnifi-
cation (x10,000). At low magnification, PPy–PVC-25
(Fig. 1e) appears spherical and smooth but at high
magnification (x21,000), the powder particles exhibit a
nodular aspect (Fig. 1f) similar to that of PPyTS. One
can see at low magnification debris due to precipitating
PPyTS, a situation similar to that encountered with PPy-
coated silica gel particles [39]. It is interesting to note
that for low initial PVC mass, the PPy–PVC-3 composite
exhibits a structure as shown in Fig. 1c with some buried
PVC grains, an indication of the high loading of PPy as
precipitating powder in addition to surface coating.

PPy–PVC-25–PVP (1) (SEM image at low magni-
fication similar to that in Fig. 1e) also exhibits debris
but to a lesser extent. This is almost not at all the case
of the PPy–PVC-25–PVP (2) composite, which has a
structure similar to that shown for uncoated PVC
(Fig. 1a). For high magnification, Fig. 1h shows the
nodular structure of PPy ad-layers. Despite the dark
colour of PPy–PVC-25–PVP (1), the surface mor-
phology at high magnification (x10,000) is between the
structures of PVC and PPyTS displayed in Fig. 1b and
d, respectively. Therefore, the chronological order of
introduction of PVP and other species has an impor-
tant effect on the final morphology of PPy–PVC com-
posites.

Elemental analysis

The elemental analysis of PPy–PVC-x, PPy–PVC-25–
PVP and the reference PPyTS powder is reported in
Table 2. In the case of PPyTS, chlorine is due to the
coinsertion of chlorides to dope PPy. The extent of
chlorine is massive in the composites since it is essen-

Table 1 Synthesis conditions of polypyrrole (PPy)-coated poly(-
vinyl chloride) (PVC) composites. Poly(N-vinyl pyrrolidone) is
indicated by PVP

Pyrrole
volume (ml)

PVC
mass (g)

PVP
mass (g)

Abbreviationb

0.5 1.5 PPy–PVC-3
0.5 2 PPy–PVC-4
0.5 12.5 PPy–PVC-25
0.25a 12.5 PPy–PVC-50
0.5 12.5 1.25 PPy–PVC-25–PVP (1)
0.5 12.5 1.25 PPy–PVC-25–PVP (2)

aThe initial volume of 0.25 ml pyrrole was used to avoid a massive
absolute mass of PVC dispersed in a limited volume of aqueous
solution. For 0.25 ml initial pyrrole volume, we used twice the
lower initial concentrations of FeCl3Æ6H2O (2.44 g) and sodium
p-toluene sulfonate (1.75 g)
bThe number following PVC indicates the initial PVC-to-pyrrole
ratio in grams per millilitre. Composites 1 and 2 correspond to two
different procedures for preparing the composites using PVP (see
text)
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tially due to the underlying PVC. The highest content of
chlorine was obtained for the PVP-containing compos-
ites, again another result that is in line with the greyish
colour of such composites.

From the weight percent of nitrogen reported for the
PPyTS and for PPy–PVC-x, the mass loading of PPyTS
can be estimated:

%PPyTSð Þcomposite ¼ %Nð Þcomposite= %Nð ÞPPyTS: ð2Þ

The PPyTS mass loading is plotted in Fig. 2 versus the
initial PVC/pyrrole ratio expressed in grams of PVC per
volumeof pyrrolemonomer.Clearly, there is amonotonic
decrease of PPyTS (weight percent) when the initial PVC

Fig. 1 Scanning electron
micrographs of a untreated
poly(vinyl chloride) (PVC)
powder at low magnification
(x74.8), b PVC powder at high
maginification (x10,800),
c tosylate-doped polypyrrole
(PPyTS) bulk powder at x74.5
magnification, d PPyTS at
x10,400 magnification, e PPy–
PVC-25 at x74.2 magnification,
f PPy–PVC-25 at x21,400 mag-
nification, g PPy–PVC-25–PVP
(1) at x10,500 magnification,
h PPy–PVC-25–PVP (2) at
x10,700 magnification
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mass is increased. When the same composites are pre-
pared using PVP, there is a distinctly lower PPyTS loading
that is at best equal to 1.6 and 1.43% for PPy–PVC-25–
PVP (1) and PPy–PVC-25–PVP (2), respectively, if of
course PVP is neglected. However, since PVP is a com-
ponent of the end composites, it contributes to the nitro-
gen weight percent; hence, a lower PPyTS mass loading
than indicated in Fig. 2 results.

X-ray photoelectron spectroscopy

The survey scans of PPyTS, PPy–PVC-3 and PPy–PVC-
50 are shown in Fig. 3. The main peaks are C 1s, N 1s
and O 1s centred at 285, 400 and 531 eV, respectively.
The minor peaks S 2p (168 eV) and Cl 2p (around
200 eV) are assigned to the tosylate dopants and to
chloride and/or PVC, respectively. There is also evidence
for the existence of iron at the surface of PPyTS and
the PPy–PVC composites (Fe 2p3/2 at around 710 eV).
The N 1s peak intensity substantially decreases with the
initial mass of PVC, an indication that PPyTS is patchy

or not very thick (thickness less than 10 nm, the depth
probed by XPS).

For PPyTS, Cl 2p is due to the insertion of the
codopant chlorides and also FeCl2 [29]. In the case of all
the composites, Cl 2p is as (more) intense as (than) S 2p
as shown in Fig. 3b and c.

The C 1s structures of PPyTS and PPy–PVC-50 are
displayed inFig. 4. The PPyTSC 1speak tails and is fitted
with six components due to aromatic (from tosylate
dopant) and b-type carbons, the C–N atoms and three
types of carbons due to surface oxidation and defects. The
last component, centred at 291.6 eV, is due to a shake-up
satellite associated with the conjugated structure of PPy
and the aromatic character of the tosylate dopant. It is
noteworthy that the C 1s peak-tailing is much hindered
when PPyTS is coated on PVC particles owing to the
strong contribution of the underlying PVC (Fig. 4b). In
this case, the two components at the highest binding en-
ergy (289.6 and 291.5 eV) practically do not contribute to
the overall structure. It is worth noting that the second
component has an appreciable relative intensity owing to
the contribution of CC/CH carbon type in PVC.

The narrow N 1s regions from PPyTS bulk powder
and the PPy–PVC-25–PVP (1) composite are depicted
in Fig. 5. The N 1s region from PPyTS has a typical
shape that can be fitted with four components centred at
398.5, 399.7, 401.5 and 404.1 eV that are assigned to
C=N defects, the N–H pyrrole bond and two types of
positively charged nitrogens, respectively. In the case of
the composite prepared with PVP, a similar shape is
exhibited by the N 1s region, however with an obvious
effect of the N 1s region from PVP that overlaps that of
the PPy coating. This direct detection of PVP is in line
with the lesser extent of the imine defects and the posi-
tively charged nitrogen atoms from PPy. Indeed, PVP
contributes to the main component centred at 399.7 eV,
very close to its reference value of 399.9 eV [40].

High-resolution Cl 2p regions for PPyTS and PPy–
PVC-3 are depicted in Fig. 6. As shown Kang et al. [38],
the Cl 2p from the PPy chloride dopants has a complex
structure that can be fitted with three components. In
our case, the Cl 2p structure displayed in Fig. 6a is
fitted with only two components, centred at 197.3 and
199.8 eV, which we refer to as ClI and ClII. Note this
doublet is not due to a spin–orbit splitting but to two
distincts chlorine species, the first being chlorides. The
ClII species could be due to a different type of interaction
of chlorides with the PPy backbone [38]. This has
actually been discussed at length elsewhere, and here we
simply use the spectrum in Fig. 6a as a fingerprint of the
PPy codopant when dealing with the Cl 2p features
from the composites. In Fig. 6b, the Cl 2p region from
PPy–PVC-3 exhibits a shoulder at low binding energy by
contrast to PPy and this is due to the underlying PVC
that has a peak component centred at 200.5 eV. In
Fig. 6b, the two first minor peaks correspond to ClI and

Table 2 Elemental analysis (wt%) of PPy-coated PVC powder
particles. tosylate-doped PPy is represented by PPyTS

Abbreviation C N Cl

PPyTS 54.67 11.87 3.14
PPy–PVC-3 43.99 6.91 24.91
PPy–PVC-4 42.23 5.13 36.0
PPy–PVC-25 38.29 0.81 49.99
PPy–PVC-50 39.06 0.35 46.16
PPy–PVC-25–PVP (1) 38.98 0.19 54.61
PPy–PVC-25–PVP (2) 38.35 0.17 54.26

Fig. 2 PPy mass loading versus the initial PVC-to-pyrrole ratio for
PPyTS (square), PPy–PVC composites (circles), PPy–PVC–PVP
(1) (cross) and PPy–PVC–PVP (2) (diamond)
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ClII types from PPyTS. Here, it is assumed that the ClI/
ClII and Cl 2p/S intensity ratios remain the same by
comparison to bulk powder PPyTS. The surface com-
position in atomic percent is reported in Table 3.

The doping level for PPyTS powder and composites
was determined by

Doping ¼ SþClPPy
� �

=N %ð Þ; ð3Þ

where S and N are the sulfur and nitrogen atomic
percents. Since sulfur is the main component, the sulfur-
to-nitrogen ratio is plotted in Fig. 7 versus the initial
mass of PVC. The horizontal dashed line stands for the
average value of the sulfur-to-nitrogen ratio for PPyTS
and PPy–PVC composites. PPy appears very well doped
regardless of whether it is prepared as a bulk powder or
as a composite. It is to be noted that for the PVP-con-
taining composites the sulfur-to-nitrogen ratios are sig-
nificantly lower than those corresponding to PPyTS and
the PPy–PVC-x series. This is simply due to the incor-
poration of PVP (contains one N atom per repeat unit)
in the PPy–PVC-25–PVP composites.

Assuming that the chlorine-to nitrogen, rCl, and sul-
fur-to-nitrogen, rS, atomic ratios determined for PPyTS

Fig. 3 X-ray photoelectron spectroscopy survey scans of a PPyTS
bulk powder, b PPy–PVC-3, c PPy–PVC-50

Fig. 4 High-resolution C 1s regions of a PPyTS bulk powder,
b PPy–PVC-50
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bulk powder remain the same for the composite speci-
mens, one can calculate the surface composition in
molar percent of pyrrole, vinyl chloride and N-vinyl
pyrrolidone repeat units. These are called %PPy, %PVC
and %PVP, respectively. For PPy–PVC-x composites,
the relative proportions of PPyTS and PVC are calcu-
lated as follows:

%PPy ¼NPPy= NPPy þ CIPVC
� �

; ð4Þ

where NPPy and ClPVC are the nitrogen content from
PPy and the chlorine content from PVC, respectively. It
follows that in practice

%PPy ¼NPPy= NPPy þ CI�rCINPPy

� �
¼ N= NþCI�rCINð Þ

ð5Þ

and

%PVC ¼ 100�%PPy; ð6Þ

where N and Cl are the nitrogen and chloride atomic
percents reported in Table 3 and rCl is as defined earlier.
In Eq. (5), the contribution of the chloride dopants is
subtracted from the total chlorine content in order to
determine ClPVC.

For PP–PVC-25–PVP composites, both PVP and PPy
contribute to the nitrogen content, on the one hand, and

Fig. 5 High-resolution N 1s regions of a PPyTS bulk powder,
b PPy–PVC-25–PVP(I)

Fig. 6 High-resolution Cl 2p regions of a PPyTS bulk powder,
b PPy–PVC-3

Table 3 Surface composition (atom%) of PPy-coated PVC pow-
der particles

Abbreviation C N O S Cl Fe

PPyTS 68.2 10.6 17.0 3.00 1.04 0.15
PPy–PVC-3 66.3 8.67 20.2 2.55 2.35 0
PPy–PVC-4 72.7 8.34 15.1 2.22 1.64 0
PPy–PVC-25 72.7 5.86 17.4 1.57 1.79 0.66
PPy–PVC-50 70.6 4.88 19.2 1.69 3.04 0.62
PPy–PVC-25–PVP (1) 75.3 5.54 15.1 1.17 2.14 0.69
PPy–PVC-25–PVP (2) 66.1 8.30 17.7 1.85 4.12 1.93
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PPyTS and PVC contribute to the chlorine content, on
the other hand. Therefore, the nitrogen from PPyTS
(NPPy) can be estimated by

NPPy ¼ S=rS: ð7Þ

It follows that the contribution of PVP to nitrogen
(NPVP) can be calculated by

NPVP ¼ N� S=rSð Þ; ð8Þ

where N is the total nitrogen atomic percent reported for
the composites in Table 3. The relative proportion of
PVC (%PVC) can be estimated by determining the
contribution of PVC to the total chlorine content:

CIPVC ¼ CI� CIPPy ¼ CI�rCINPPy: ð9Þ

It follows that

CIPVC ¼ CI�rCI S=rSð Þ: ð10Þ

The relative proportions of PPyTS, PVC and PVP
can then be calculated as follows:

%PPy ¼NPPy � 100%= NPPyþNPVPþCIPVC
� �

; ð11aÞ

%PVP ¼NPVP � 100%= NPPyþNPVPþCIPVC
� �

; ð11bÞ

%PVC ¼ CIPVC � 100%= NPPyþNPVPþCIPVC
� �

: ð11cÞ

The XPS data of the N 1s peak from PPyTS bulk
powder and the composites permit the thickness of
the conducting polymer at the surface of PVC powder
particles to be estimated. For the PPyTS overlayer, the
N 1s peak intensity in the composites, I, can be ex-
pressed by

I¼I0 � 1� exp �d=k sin hð Þ½ �; ð12Þ

where I0 is the bulk powder N 1s intensity, d is the
thickness of PPyTS overlayers, k is the mean free path of
the N 1s core electrons in the PPyTS overlayer, and h is
the take off angle relative to the surface [41]. For
spherical substrates, the average value for sinh is 0.5 [42].
The expression for k is given by [41]

k � 0:11E0:5
K mg=m2
� �

; ð13Þ

where EK is the kinetic energy of the ejected core-hole
electron. Dividing k in milligrams per metre squared by
the density of the overlayer (approximately 1.5 for PPy)
yields a value of k in nanometres. For N 1s electrons
ejected from PPyTS and travelling through their own
material, i.e. the conducting overlayer, the mean free
path is kN 1s=2.42 nm. With this value in hand and all
values of I(N 1s) obtained with the composites and
I0(N 1s) obtained with bulk powder PPyTS, the average
thickness values of PPy overlayers can be determined,
with the assumption they are uniform. The average
thickness of the PPyTS overlayers and the surface frac-
tions of PPyTS, PVC and PVP (determined using
Eq. 11a, 11b, 11c) for all the composite materials
investigated are reported in Table 4.

The surface concentration of PPy is very important
especially for an initial PVC/pyrrole ratio of 3 and 4 g/
ml. For a higher value of this ratio, the PPy surface
fraction remains quite important. The surface fraction of
PPy is plotted against its bulk fraction determined for
the PPy–PVC composites and the reference PPyTS
powder in Fig. 8. Clearly, a very low bulk molar fraction
(1.9%) of pyrrole repeat units (corresponding to a PPy
mass loading of around 3 wt%) yields a high surface
fraction of 66.4% in pyrrole repeat units. These results
are consistent with the electrical conductivity measure-
ments reported by Ouyang and Chan [24] as a function
of the PPy mass loading. The percolation threshold va-
lue found by these authors was 0.3 wt% and the corre-
sponding composite was 10 orders of magnitude more
conductive than PVC. The PPy overlayer thicknesses are
lower than 3 nm (6 nm at best if sinh=1). This value is
much lower than the 200 nm size of the PPy nanopar-

Table 4 Relative proportions of polymer repeat units and PPyTS
overlayer thickness at the surface of PPy-coated PVC powders

Materials PPy PVC PVP d (nm)

PPyTS 100
PPy–PVC-3 85.3 14.7 2.9
PPy–PVC-4 91.1 8.9 1.2
PPy–PVC-25 82.9 17.1 0.85
PPy–PVC-50 66.4 33.6 0.74
PPy–PVC-25–PVP (1) 56.6 23.8 19.6 0.48
PPy–PVC-25–PVP (2) 55.3 29.5 15.2 0.66

Fig. 7 Surface sulfur-to-nitrogen atomic ratio versus the initial
PVC-to-pyrrole ratio for bulk powder PPy: PPyTS (square),
PPy–PVC composites (circles), PPy–PVC–PVP (1) (cross), and
PPy–PVC–PVP (2) (diamond)
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ticles observed by SEM at the surface of PVC. The
results suggest therefore a patchy deposition of PPy
despite the deep black colour of the composites.

Conclusion

PPyTS was coated on PVC powder particles by the in
situ chemical polymerisation of pyrrole in water, using
FeCl3 as the oxidising agent in the presence of NaTS.
Massive loadings of PPy were obtained confirming
published literature data [24], resulting in XPS spectra,
the structures of which are very similar to those of bulk
powder PPy. SEM micrographs exhibited the nodular

structure of PPy at the surface of PVC with elementary
PPyTS nanoparticles having a diameter of about
200 nm.

The surface morphology was monitored as a function
of the initial PVC-to-pyrrole ratio in grams per millilitre.
High values of this ratio permit thin overlayersPPy to be
obtained. At a low initial PVC-to-pyrrole ratio, the
composite materials consisted of PPy-coated PVC and
precipitating PPyTS.

Another way of preparing such composites was pre-
sented: precoating the PVC particles with PVP. This
method, leads to very low PPy mass loadings but that
are more confined to the PVC essentially as a thin
overlayer and with very little amount of debris.

A thorough XPS analysis of the composites indicated
a strong and quasiconstant level of doping of PPy and a
very PPy-rich surface of the composites for all PPy mass
loadings. Plots of the PPy surface fraction versus the
bulk fraction of pyrrole repeat units loading indicate a
threshold of less than 3 wt%, a result that has to be
connected with conductivity measurements reported in
the literature [24]. Moreover, we used PPyTS, a much
more hydrophobic PPy than PPyCl [33]; therefore,
favourable hydrophobic interactions at the PPyTS–PVC
interface are likely to occur and to govern at least partly
the encapsulation of PVC powder particles. However,
investigation of the PPyTS N 1s peak attenuation per-
mitted an average thickness of 3–6 nm to be estimated;
this is much lower than the size of the PPy nanoparticles,
an indication of patchy overlayers.
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Fig. 8 Surface fraction of PPy repeat units versus the bulk fraction
of PPy in molar percent of pyrrole repeat units: PPyTS (circle),
PPy–PVC composites (diamonds)
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