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Polypyrrole-coated polystyrene latex particles bearing N-carboxyl functional groups (PS@PPyCOOH)
were prepared by the in-situ copolymerization of pyrrole (Py) and the active carboxyl-functionalized
pyrrole (PyCOOH) in the presence of 390 nm diameter-sized polystyrene (PS) latex particles. Uncoated
PS particles were prepared by emulsion polymerization of styrene. The initial comonomer fractions (in
mol%) were 25/75, 50/50, 75/25 and 100/0 for pyrrole and PyCOOH, respectively. The PS@PPyCOOHx

particles, where x stands for the initial molar fraction of PyCOOH (x ¼ 0, 25, 50 or 75%), were char-
acterized in terms of particle size, surface morphology, chemical composition and electrochemical
redox activity using transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
FTIR, TGA and cyclic voltammetry respectively. TEM showed an increase of the latex particle diameter
after coating by the conducting polymer layer, from 390 nm for uncoated PS to 430 nm for PS@PPy-
COOH50 particles, allowing an estimation of the PPyCOOH shell thickness to 20 nm. FTIR and XPS
detected PyCOOH repeat units at the surface of the latex particles, indicating that this monomer had
indeed copolymerized with pyrrole. The coreeshell structure of the PS@PPyCOOHx particles was
confirmed by etching the polystyrene core in THF, leading to the formation of hollow conducting
polymer capsules. Positively charged CdS nanoparticles were electrostatically assembled onto the
surface of PS@PPyCOOH50 particles, as a function of pH. It was found that, contrarily to unfunctionalized
PPy-coated latex particles, PS@PPyCOOH50 particles could be evenly decorated with stabilized CdS
nanoparticles, at pH 5.

The films of the PS@PPyCOOH@CdS-coated ITO electrodes are shown to be electroactive and elec-
trochemically stable.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Core@shell particles with conductive polypyrrole shells coated
on inorganic [1e4] or polymeric cores [5e9] have been the subject
of numerous studies since the late 1980s. Indeed, polypyrrole-
coated particles have enormous scientific and technological
interests pertaining to the development of visual biomedical
diagnostics [1c,9e], conductive composites [3e,7a], conductive
paints [5b], anticorrosion coatings [8b], stationary phase in liquid
chromatography [4g], conductive pigments [3f], hypervelocity
experiments with microprojectiles of polypyrrole mimicking solar
dusts [6].
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Among the main conductive polymers, polypyrrole, polyaniline,
polythiophene and poly(ethylenedioxy thiophene), the former has
perhaps the broadest potential applications due to the relative ease
of its synthesis via simple beaker chemistry. In addition, poly-
pyrrole (generic name) can be prepared in the form of reactive and
functional copolymers [1c,2a,10] which is an important issue
regarding the immobilization of metallic nanoparticles and other
nano-objects. In this regard, Chen et al. [11] have demonstrated
a one step facile and versatile synthetic route to PPyeAg nano-
composites by chemical oxidative polymerization of pyrrole using
silver nitrate as an oxidation agent in aqueous media. Henry et al.
[12] suggested that PdCl2 acts as an efficient oxidant for pyrrole to
form PPyePd composites in aqueous media. As far as we are con-
cerned, we have proposed to immobilize preformed gold nano-
particles onto amino-functionalized polypyrrole-coated PS
(PS@PPyNH2) microspheres [9f], and human serum albumin
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(a globular protein) onto N-active ester functionalized polypyrrole-
coated polystyrene microspheres [9a,b,c,d,e].

These examples show the importance of controlling the inter-
face chemistry that operates at the surface of polypyrrole in order
to obtain novel, robust functional heterostructures with supported
globular nano-objects.

In a continuous effort to explore the surface reactivity and
applications of polypyrrole particles, we aimed at interrogating the
propensity of these conductive shells from PS@PPymicrospheres to
bind CdS quantum dots (QDs). In this regard, it is essential to
consider the electrostatic interactions that occur between the QDs
and the underlying PS@PPy microspheres. The efficient strategy
devised so far for binding gold nanoparticles to PS@PPyNH2 [9f] can
thus be adopted and tuned towards the effective immobilization of
CdS QDs. The rationale for immobilizing CdS nanoparticles is that
one can obtain supported fluorescents QDs and design by this way
novel heterostructures with synergetic effects of conductivity
(owing to polypyrrole) and optical properties imparted by CdS.
Alternatively, CdS QDs could act as supported photocatalysts [13],
photoinitiate polymerization reactions [14], or enhance the sensi-
tivity of polypyrrole-based biosensors [15]. Still, it is important to
control the mechanisms of CdS immobilization.

In the present work, we describe the preparation, character-
ization and electrochemical properties of acid-functionalized
polypyrrole-coated polystyrene microspheres decorated by CdS
nanoparticles (PS@PPyCOOH@CdS) (see Fig. 1). The polystyrene
core, average diameter 390 nm, was prepared by emulsion poly-
merization of styrene and poly(N-vinyl pyrrolidone) was used as
a steric stabilizer. The reactive conducting polymer coatings consist
of copolymers of pyrrole and N-alkyl substituted pyrrole with N-
carboxylic acid groups (PyCOOH) at the alkyl chain end. Various
poly(Py-co-PyCOOH)-coated PS latex particles were prepared with
four different comonomer feed ratios (PS@PPyCOOHx; x being the
initial fraction of PyCOOH). The coreeshell particles were charac-
terized by means of transmission electron microscopy (TEM), FTIR,
X-ray photoelectron spectroscopy (XPS) and TGA. Polypyrrole
hollow particles were then prepared by selective extraction of the
polystyrene core. Selected batches of particles were incubated with
CdS nanoparticles in order to monitor the formation of assemblies
between the carrier (PS@PPyCOOH) and the supported nano-
particles. Cyclic voltammetry was used to evaluate the redox
properties of the QD-decorated core/shell microspheres.

2. Experimental

2.1. Materials

Styrene (Aldrich) was purified by passing through a column of
activated neutral alumina. Poly(N-vinylpyrrolidone), with a nominal
molecular weight of 360 000, was purchased from Aldrich and used
without further purification. Pyrrole (Fluka) was purified by passing
through a column of activated basic alumina (Arcos) prior to use.
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Fig. 1. Schematic representation of the synthesis of PPyCOOH-coated, PNVP-stabilized PS l
negatively charged, coreeshell polypyrrole-polystyrene latex particles bearing surface depr
1-(2-cyanoethyl) pyrrole (Acros), FeCl3$6H2O (Aldrich), ethylene
glycol (Acros), lithium perchlorate (LiClO4) (Acros), thiourea
(Aldrich), cadmium acetate (Fluka) and a-azoisobutyronitrile (AIBN)
(Fluka) were used without further purification.

The N-2-carboxyethylpyrrole comonomer was synthesized as
described in Ref. [2a]. All aqueous solutions were prepared with
deionised water.
2.2. Synthesis of surface functionalized polypyrrole-coated
polystyrene latex particles

Polystyrene microspheres were prepared by emulsion polymer-
ization as reported in the literature [5c]. Prior to the oxidative
copolymerization of pyrroles, the PS particles were precoated with
PNVP as described in [9g]. The conductive polymer coating proce-
dure consists in the in-situ copolymerization of pyrroles in the
presence of polystyrene latex. Pyrrole and PyCOOH were premixed
in 25/75 (0.059mmol/0.177mmol), 50:50 (0.118mmol/0.118mmol),
75:25 (0.177 mmol/0.059 mmol) and 100:0 (0 mmol/0.236 mmol)
molar ratios. This comonomer mixture was added to a vigorously
stirred solution (5 ml) containing 0.1 g dry weight of PS latex and
0.09 g of FeCl3$6H2O. The solution was stirred at room temperature
for 16 h. The resulting colloidal particles were isolated by five
centrifugation/redispersion cycles and redispersed in deionised
water. The composite poly(Py/PyCOOH)-coated PS particles are
abbreviated as PS@PPyCOOHx where x stands for the initial molar
fraction of PyCOOH (x ¼ 0, 25, 50 or 75%). The polystyrene core was
selectively extracted from PS@PPyCOOHx latex particles using THF.
The solution was stirred at room temperature for 24 h and the
resulting hollow capsules were isolated by five centrifugation/
redispersion cycles.
2.3. Synthesis of CdS

CdS nanoparticles were synthesized in ethylene glycol (EG)
using the Polyol method [16e18]. Basically, cadmium acetate and
thiourea were added to an 80 ml of polyol to reach a final
concentration between 0.006 and 0.6mol l�1. Themixturewas then
heated at 120 �C under vigorous stirring during 1 h.
2.4. Coating of PS@PPyCOOHx with CdS nanoparticles

800 ml of CdS nanoparticles in aqueous solution (60 mg ml�1)
were added to 200 ml of PS@PPy and PS@PPyCOOH50 latex parti-
cles suspension (32 mg ml�1) and the mixture was left to react for
16 h. The pH of the mixture was adjusted to various values (2, 4, 5,
8, and 10) by addition of HCl (for acidic solutions) and NaOH (for
basic solutions). After incubation, the samples were centrifuged
and washed thoroughly with distilled water in order to remove
the free and/or loosely bound nanoparticles. The products were
characterized by TEM and XPS. It is to note that the pH set as
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Fig. 2. TEM micrographs of (a) PS@PPy; (b) PS@PPyCOOH25; (c) PS@PPyCOOH50 and
(d) PS@PPyCOOH75 latex particles.

Table 1
Properties of PNVP-stabilized PS, PS@PPy and PS@PPyCOOHx latex particles.

Samples Diameter
(nm)

Polydispersity
index

Shell thickness
(nm)

PPy mass
loading wt.%

PS 390 1.008 e e

PS@PPy 460 1.009 35 49.0
PS@PPyCOOH25 440 1.010 25 39.5
PS@PPyCOOH50 430 1.009 20 33.8
PS@PPyCOOH75 410 1.010 10 19.5
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mentioned above was stable during the time scale of CdS
adsorption experiments.

2.5. Analytical techniques

Transmission Electron Microscopy (TEM) micrographs were
obtained using a JEOL JEM 100CXII UHR operating at 100 kV.
Solutions containing the latex particles were cast onto Formvar-
coated copper grids and the solvent was allowed to evaporate.

FTIR spectra were recorded using a Nicolet Magna 550 Series II
instrument. Spectra were typically averaged over 20 scans at
4 cm�1 resolution.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using a Thermo VG ESCALAB 250 instrument equipped
with a monochromatic Al Ka X-ray source (1486.6 eV). The X-ray
spot size was 650 mm. The pass energy was set at 150 and 40 eV for
the survey and the narrow scans, respectively. Charge compensa-
tion was achieved with a combination of electron and argon ion
flood guns. The energy and emission current of the electrons were
4 eV and 0.35 mA respectively. For the argon gun, the energy and
the emission current were 0 eV and 0.1mA, respectively. The partial
pressure for the argon flood gunwas 2� 10�8 mBar. These standard
conditions of charge compensation resulted in a negative but
perfectly uniform static charge. Data acquisition and processing
were achieved with the Avantage software, version 1.85. Spectral
calibration was determined by setting the main C1s component at
285 eV. The surface composition was determined using the
manufacturer’s sensitivity factors. The fractional concentration of
a particular element A (% A) was computed using:

%A ¼ ðIA=sAÞPðIn=snÞ � 100

Where In and sn are the integrated peak areas and the Scofield
sensitivity factors corrected for the analyzer transmission function,
respectively.

Thermogravimetric analysis (TGA) was performed on
a SETARAM TGA 92-12. TGA experiments were conducted in
flowing air at a ramp rate of 10 �C/min.

2.6. Electrochemistry

A traditional three electrodes one-compartment electro-
chemical cell system was used in electrochemical experiments.
Glassy carbon disc (4 mm diameter) or Indium tin oxide (ITO) were
used as working electrodes. Platinum grid and saturated calomel
electrode (SCE) were used as counter electrode and reference
electrode respectively. The cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) techniques were per-
formed using EC-Lab Express V5.12 Model VSP Biologic. LiClO4

(0.1 M) was used as supporting electrolyte.

3. Results and discussion

3.1. Characterization of polypyrrole-coated PS latex particles

3.1.1. TEM
Fig. 2 displays TEM micrographs of PS@PPy, PS@PPyCOOH25,

PS@PPyCOOH50 and PS@PPyCOOH75 particles.
It is worth noting that particles are spherical with a diameter

around 430 nm. The comparison between PS and PS@PPyCOOHx

particles evidences significant modifications of the surface
morphology following coating with the conducting polymer shell.
The uncoated PS particles (TEM micrograph not shown) have
a smooth, featureless surface morphology. In contrast, for
PS@PPyCOOHx particles, the conducting polymer overlayer induces
roughening of the surface as we have observed for amine and N-
succinimidyl ester functionalized PS@PPy microspheres [9d,e,f].
The surface roughens for higher initial pyrrole feed ratio but gets
smoother when the PyCOOH fraction increases. For example, whilst
PS@PPy and PS@PPyCOOH25 particles exhibit small raised granular
polymer nodules, PS@PPyCOOH50 and PS@PPyCOOH75 particles
exhibit much smoother surfaces.

The number average diameter (Dn) and the polydispersity
parameter (Dv/Dn) of particles were measured directly from the
TEM images. Typically, the sizes of 50 particles were measured and
the values were averaged. The Dn and Dv were calculated from:

Dn ¼
P

i NiDiP
i Ni

and Dv ¼
P

i NiD4
iP

i NiD3
i

where Di means the diameters of individual particles and Ni

refers to the number of particles corresponding to the diameters. As
shown in Table 1, the number average particle diameter increases
from ca. 390 nm (Dv/Dn ¼ 1.008) for PS particles to ca. 430 nm (Dv/
Dn ¼ 1.009) for PS@PPyCOOH50 particles. The difference between
the diameters of the uncoated PS particles and the conducting
polymer-coated PS particles gives an estimation of the conductive
overlayer thickness. The PPyCOOHx thickness decreases with
increasing initial PyCOOH comonomer feed ratio. This trend is most
probably due to the steric hindrance brought by the carboxyl acid-
terminated pendent alkyl chain end of the PyCOOH comonomer,



Fig. 4. TEM micrographs of Void@PPy and Void@PPyCOOH50 hollow capsules obtained
by polystyrene core etching in THF.
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which hampers the polymerization process. As a matter of fact,
attempts to prepare the homoPPyCOOH shell were unsuccessful.

From the thickness of the polypyrrole overlayer and its corre-
sponding volume, and assuming an average density of 1.5 for the
conjugated polymer [2c,19] it is possible to estimate the mass
loading of polypyrrole.

For PS core, the density is assumed to be 1 and for the various
polypyrrole-coated PS particles the mass loading of polypyrrole
was computed using:

Wt% ¼ mass PPy per particle
ðmass PPyþmass PSÞper particle� 100

The mass loading values are reported in Table 1.
In the specific case of PS@PPyCOOH50 microspheres, TGA was

used to assess the experimental mass loading of the conjugated
polymer overlayer. Fig. 3 shows the mass loss expressed as
a percentage mass of PS@PPyCOOH50 versus temperature. The
thermogram displays two regions: the first one corresponds to
the calcination of polystyrene (wt. loss ¼ 72.45% at T ¼ 354 �C);
and the second region corresponds to the calcination of PPyCOOH
(27.55 wt.% at T ¼ 520 �C). The experimental polypyrrole mass
loading is in fair agreement with that calculated from TEM and
reported in Table 1.

In order to check whether PS@PPyCOOHx particles are indeed of
the coreeshell type, hollow PPyCOOHx microcapsules were
prepared by extracting the polystyrene core in THF. TEM micro-
graphs of hollow PPyCOOHx (Void@PPy and Void@PPyCOOH50) are
shown in Fig. 4, indicating significant differences in the structures
of the shells after selective extraction of PS core. Indeed, unbroken
Void@PPyCOOH50 particles were formed from PS@PPyCOOH50 (this
is similar to the case of PS@PPyCOOH75) while PS@PPy (and
PS@PPyCOOH25, not shown) led to broken Void@PPy hollow
particles. There are two possible explanations for the formation of
these broken capsules: (i) THF could permeate the continuous PPy
overlayer, causing the PS core to swell with a result of fractured
polypyrrole overlayer; (ii) the polypyrrole overlayer is not
completely continuous and the THF diffuses into the latex core
through a patchy polypyrrole overlayer.

For high initial fraction of PyCOOH, it is possible that the
continuous shells are porous so that they permit selective
extraction of PS, but are robust despite a lower thickness (10 and
20 nm, see Table 1). It is possible that hydrogen bonding between
adjacent COOH groups impart improved mechanical resistance to
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Fig. 3. TGA thermogram of PS@PPyCOOH50 microspheres.
PPyCOOH75 and PPyCOOH50 shells compared to the more brittle
PPy and PPyCOOH25 capsules.

3.1.2. FTIR
FTIR spectra, in the 2000e1000 cm�1 region, of PS and

PS@PPyCOOH75 particles are shown in Fig. 5. The spectra account
for the expected structure of the materials since peaks due to
polystyrene (especially at 1453 and 1494 cm�1) are observed for
both PS and PS@PPyCOOHx, while additional bands due to the
conducting polymer shell are observed for PS@PPyCOOHx only. One
can note among others one band at 1560 cm�1 due to the poly-
pyrrole conjugated chain and one band at 1685 cm�1, characteristic
of the carboxyl groups. The steric stabilizer PNVP is also detected (at
1605 cm�1) showing that it remains adsorbed on the PS surface
even after coating by the conducting polymer layer. The intensity
ratio of the band at 1685 cm�1 (due to the carboxyl groups) to the
bands at 1453 and 1494 cm�1 (characteristics of polystyrene) has
been plotted as a function of the PyCOOH comonomer fraction in
the synthesis medium (see Inset in Fig. 5). It is clear, from this plot,
that the intensity of the peak at 1685 cm�1 increases monotonically
with the initial fraction of PyCOOH. Therefore, there is a progressive
incorporation of the PyCOOH comonomer in the copolymer shell
with increasing initial fraction.
Fig. 5. FTIR spectra of PS and PS@PPyCOOH75 latex particles in the 1000e2000 cm�1

region. Inset shows the intensity ratio ICOOH/IPS of the carboxyl band (at 1685 cm�1) to
the PS bands (at 1494 and 1453 cm�1) plotted against the PyCOOH fraction in the
synthesis medium.



Table 2
Reports the apparent surface chemical composition of PNVP-stabilized PS, PS@PPy
and PS@PPyCOOHx latex particles.

Samples C N O Cl O/C

PS@PNVP 92 3 5 0.05
PS@PPy 80.52 11.6 6.54 1.35 0.081
PS@PPyCOOH25 80.95 10.54 8.36 0.16 0.103
PS@PPyCOOH50 78.3 10.12 11.6 0 0.15
PS@PPyCOOH75 78 9.54 12.5 0 0.16
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3.1.3. XPS
Fig. 6 displays survey spectra of PNVP-stabilized PS, PS@PPy and

PS@PPyCOOH75 latex particles. The main peaks are C1s, N1s and
O1s centered at 285, 400 and 532 eV, respectively. It is noteworthy
that N1s and O1s relative peak intensities are fairly high by
comparison to the same peaks from the underlying PNVP-stabilized
PS due to the contribution of the polypyrrole shells, i.e. nitrogen
from the backbone and oxygen from the pendant COOH groups.

Inset of Fig. 6 displays the minor Cl2p peak (198 eV) regions for
PS@PPy, PS@PPyCOOH25 and PS@PPyCOOH75. Interestingly, for an
initial PyCOOH feed ratio as low as 25%, the Cl2p gets very noisy
with quasi absence of chlorides from the PPyCOOH25 shell. The
effect is exacerbated in the case of PS@PPyCOOH75. This most
probably indicates that PPyCOOHx copolymer shells are co-doped
by both chlorides and carboxylates. For a PyCOOH feed ratio higher
than 25%, the conductive copolymer shell is “auto-doped” at a very
high extent since chlorides are not detected by XPS. Elsewhere, for
pure PPyCOOH films and powders, Lee et al. [20] reported 12.8 and
4.9% doping by chlorides (Cl/N ratio), respectively. However, these
XPS results were not supported by any Cl2p or survey spectra.
Although they attributed such a low doping to conductivity,
nevertheless it is likely that the carboxylates act as co-dopants. This
auto-doping by carboxylates might result in low conductivity for
PS@PPyCOOH compared to PS@PPy since PPyCOOH is about 4 orders
of magnitude less conductive than pure polypyrrole(Table 2).

The approach reported for the analysis of PMMA-coated PPy
powders was used to determine the relative proportion of PNVP on
the uncoated PS latex [21]. One can assume that:

CPS-PNVP z CPS þ CPNVP
where CPSL, CPS, and CPNVP are the atom % of carbon for PNVP-

stabilized PS latex, PS latex and PNVP, respectively. According to the
chemical formula of PNVP:

CPNVP ¼ 6 NPNVP
where NPNVP is the atom % of N due to the PNVP component in

the PS latex. It follows that CPNVP z 20% and CPS z 72%. PNVP and
PS repeat units contain six and eight carbon atoms, respectively.
Thus, the relative proportion of PNVP at the PS latex surface is

% PNVP ¼ (20/6)/[(20/6) þ (72/8)] ¼ 27%
Fig. 6. XPS survey scans of uncoated PS, PS@PPy and PS@PPyCOOH75 latex particles.
Insets show plot of O/C surface atomic ratio versus the initial % of PyCOOH, and high
resolution Cl2p regions.
This relative proportion of PNVP at the surface of the latex
particles is the same as the value obtained by Lascelles and Armes
[5c,22] for their 1.6 mm PS latex, synthesized by dispersion poly-
merization. One observes an increase in the O1s/C1s peak intensity
ratio as the PyCOOH repeat units are incorporated in the conducting
copolymer shell. In comparison to PS@PPy, the oxygen fractions are
almost two times higher for PS@PPyCOOH75 which testifies for the
presence PyCOOH repeat units at the surface of the conductive
microspheres. XPS is a surface-sensitive technique with a typical
analysis depth of 10 nm (in the case of organic coatings), which is
markedly lower than the 25e50 nm thick conducting polymer shell
as determined by TEM. Provided the conducting shell covers
uniformly the PS core, the XP spectra should reflect only the con-
ducting polymer layer. However, the experimental surface atomic
percents for PS@PPy are quite far from the theoretical structural
formula of PPy. The experimental N1s atomic fraction is much lower
for PS@PPy (11.6%) than expected for pure PPy (N¼ 20%). This can be
explained by the detection of the underlying PS core with high
carbon and low nitrogen content, suggesting that the PPy overlayers
are somewhat “patchy”. This is in agreement with the results
obtained by the extraction experiments which showed a porous and
nonuniform PPy shell. On the other hand, while the fraction of
PyCOOH comonomer increases in the copolymer, the experimental
surface atomic percents resemble more and more that of pure
PPyCOOHx. For instance, for PS@PPyCOOH75, the experimental
carbon (78%), nitrogen (9.5%) and oxygen (12.5%) atomic percents fit
well with the expected theoretical values, i.e. 74% for carbon,10% for
nitrogen and 16% for oxygen. This provides further evidence that
these particles possess “coreeshell”morphology with a regular and
uniform conducting polymer coating, as previously demonstrated
by the PS core extraction experiments.

The incorporation of PyCOOH repeat units in the conjugated
copolymer overlayer can be related to the bulk composition
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Fig. 7. Plot of XPS-determined O/C surface atomic ratio versus the IR-determined
ICOOH/IPS intensity ratio for PS@PPyCOOHx microspheres. The initial molar fraction (in
%) of PyCOOH is indicated between brackets.
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reflected in the IR spectra. Fig. 7 shows a plot of surface O/C ratio
versus ICOOH/IPS IR peak intensity ratio (as defined in Section 3.1.2).

The high resolution C1s spectra are shown in Fig. 8 for the
uncoated, PPy and PPyCOOH75-coated PS particles. For PS, the C1s
region exhibits a sharp main component centred at 285 eV (CeC,
C]C) and minor components centred at 286.3 (CeN) and 288
(NeC¼O). The latter two features are due to the PNVP stabilizer. In
addition, a distinct low intensity peak at 291.7 eV is due to a pep*
“shake-up” satellite characteristic of the aromatic pendent phenyl
group from styrene repeat units. For PS@PPy, the C1s region
experiences a significant change resulting in the broadening of the
main component centred at 285 eV, due to the introduction of CeC/
CeH, CeN and C]N bonds particularly. Furthermore, the oxidation
of PPy leads to an increase of the intensity of the component at
288 eV, due to C]O bonds. For PS@PPyCOOH75 particles, the C1s
region is even broader and displays a new component at 289 eV,
assigned to OeC¼O carboxyl groups, not observed for PS and
PS@PPy particles. Moreover, the shake-up satellite, fingerprint of
polystyrene, vanishes following coating by the conducting shell.
This significant decrease in the proportion of the shake-up satellite
actually occurs only when polypyrrole coating is uniform and quite
thick [23]. For patchy polypyrrole coatings, the polystyrene shake-
up satellite remains very well detected [24,25].
3.2. Decoration with CdS nanoparticles

Prior to the presentation and discussion of results pertaining to
the decoration of PS@PPyCOOHxmicrospheres by CdS nanoparticles,
50 nm

a b

Fig. 9. The transmission electron micrograph of CdS (
we shall first consider some of the physicochemical properties of
CdS and also the electrophoretic mobility of the former micro-
spheres. In this section, PS@PPyCOOH particles were prepared from
a comonomer mixture of 50% PyCOOH and 50% Py. This initial feed
ratio was expected to provide a reasonable quantity of carboxyl acid
groups at the surface of PPyCOOHx shell that is able to bind CdS dots.
In addition, it will provide a shell with reasonable conductivity for
further electrochemical characterization.

Fig. 9a shows the transmission electron micrograph of CdS
nanoparticles. The image confirms that the CdS nanoparticles were
obtained with an average diameter of about 10 nm. The lattice
fringes in the micrographs indicate the crystalline nature of the
particles. Fig. 9b shows the photoluminescence spectrum of CdS
nanoparticles with an emission maximum at w570 nm and full
width at half maximum (FWHM) less than 30 nm, suggesting that
the nanoparticles have a narrow size distribution. Note that the
asymmetry of the peak in Fig. 9b is due to the photoluminescence
of the polyol medium where CdS nanoparticles are suspended.

The colloidal nanoparticles are stabilized by surface positive
charges due to surface defects resulting from a lack of sulphur
atoms [26].

Fig. 10 shows the zeta potential of CdS nanoparticles and
PS@PPyCOOH. In the pH range of 3.3e6.8, CdS nanoparticles and
PS@PPyCOOH microspheres have zeta potentials with opposite
signs. It is thus suspected that at this pH range CdS nanoparticles can
be immobilized electrostatically on PS@PPyCOOH50 microspheres.

Aqueous suspensions of stabilized CdS nanoparticles (10 nm-
sized) weremixedwith PS@PPyCOOH50 particles for 12 h at pH 4, 5,
8 and 10. The amount of CdS nanoparticles was in slight excess of
that estimated for full monolayer coverage of the latex particles
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Fig. 11. TEM micrographs of CdS-decorated PS@PPyCOOH50 latex particles at (a) pH 5 and (b) pH 8; and (c) CdS mass loading versus pH.
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surface. The resulting coreeshell particle ensembles were then
precipitated, rinsed, and redispersed several times to remove
loosely bound nanoparticles. Transmission electron microscopy
(TEM) images of the spherical microparticle ensembles were used
to investigate the morphology of the CdS-decorated PS@PPy-
COOH50 particles. Fig. 11 clearly shows that pH influences
dramatically the coverage rate of the latex particle surface by CdS.
Indeed, at pH 5, the latex surface appears to be fairly evenly
decorated with CdS nanoparticles. While at pH 8, the microsphere
surface is almost free from CdS nanoparticles.

Quantitatively, CdS mass loading on PS@PPyCOOH50 at different
pH values was estimated by counting the number of CdS nano-
particles per 1 g of PS@PPyCOOH using the Analysis software, and
by considering a density of 4.825 for CdS. Fig. 11c shows explicitly
that the optimal pH is 5, while at high pH, CdS loading is very low.
Fig. 12. TEM micrographs of a) CdS-decorated PS@PPy and b
In the latter situation (high pH), Fig. 10 shows that both adsorbate
and adsorbent are negatively charged and thus repulsive interac-
tions operate at the interface. In addition, there is colloidal insta-
bility of the CdS nanoparticles which are known to aggregate at pH
above 7. In contrast, at acidic pH, electrostatic interactions are very
favourable for the adhesion of CdS to PS@PPyCOOH50microspheres.
Indeed, the dispersions have been subjected to repeated centrifu-
gation/redispersion cycles, and the CdS QDs withstood separation
from the underlying PS@PPyCOOH despite differences in size and
mass of the microspheres and the nanoparticles. For comparison,
PS@PPy particles were also incubated with CdS nanoparticles at pH
5 during 12 h and purified by several cycles of centrifugation-
redispersion. TEM micrograph of the resulting latex particles is
shown in Fig. 12. It is noteworthy that the PS@PPy latex particles
surface is almost free from CdS nanoparticles. Since the PPy shell is
) CdS-decorated PS@PPyCOOH50 latex particles at pH 5.
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in its oxidized state and positively charged, the electrostatic inter-
action between PPy-coated PS particles and the positively charged
CdS nanoparticles is repulsive. It follows that surface carboxylic
acid groups impart a negative charge to PS@PPyCOOH particles
which turn to be effective in immobilizing CdS QDs via electrostatic
interactions.

On the basis of the published work of Lu and Lin [27], the
massively and tightly bound QDs should retain their photo-
luminescence if it is not boosted-up by polypyrrole as they have
ITO

Particles in suspension

CV

PS@PPyCOOH 

CV

PS@PPyCOOH@CdS 

adsorption of particles

ITO

Fig. 14. Cyclic voltammograms of the PS@PPyCOOH and PS@PPyCOOH@CdS latex dispersed
peak current Ia versus v.
shown for electrochemically prepared polypyrrole-CdSe/CdTe
nanocomposites films.

PS@PPy and PS@PPyCOOH50 were analyzed by XPS after their
incubation with the CdS nanoparticles suspension, at pH 5. The
survey spectra shown in Fig. 13 display the typical features of the
PS@PPy and PS@PPyCOOH50 particles (C1s, N1s and O1s) together
with relatively intense Cd3d and Cd3p doublets (at 405e412 and
620e650 eV, respectively) from the immobilized CdS nano-
particles. Two new peaks appear also at 162.5 eV and 228 eV,
assigned to S2p and S2s energy levels. The S2p position is in line
with sulphide species.
3.3. Electrochemistry

Electrochemical characterization of the PS@PPyCOOH and
PS@PPyCOOH@CdS latex particles was conducted in two different
manners: (i) the first consists in the cyclic voltammetry (CV) with
latex particles suspended in aqueous solutions of LiClO4 (0.1 M); (ii)
the second approach investigates the cyclic voltammetry of latex
particle films that have been pre-cast onto ITO working electrodes
from aqueous suspensions.

3.3.1. Suspended particles
A glassy carbon disk (4 mm diameter) was used as the working

electrode and LiClO4 (0.1 M) was added to the latex suspension, as
a supporting electrolyte.
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Fig. 14 shows the cyclic voltammograms of PS@PPyCOOH and
PS@PPyCOOH@CdS lattices suspended in electrolytic solutions. The
latex dispersions were swept through a potential of þ0.3 to �0.5 V
versus SCE at various scan rates. The CV data indicate that the
PS@PPyCOOH and PS@PPyCOOH@CdS particles are electroactive in
aqueous medium. However, the electroactivity is rather low, and
the anodic and cathodic waves display broad redox peaks. In the
insets, the plots of anodic peak current versus the scan rate v are
linear, which suggests a surface wave by adsorption. Such
a behavior is in agreement with previously published results [28]
on the redox reactions of polyaniline-coated latex suspensions
where digital photographs confirmed the adsorption of the latex
particles on the electrode.

3.3.2. Particles deposited by evaporation on ITO
50 ml of the latex suspension was gently dropped on an ITO

electrode and left to dry. The latex particle-modified ITO plates
served as working electrodes.

The electrochemical activity of PS@PPyCOOH and PS@PPy-
COOH@CdS assemblies deposited on an ITO electrode was studied
in 0.1 M aqueous solution of LiClO4. The assemblies exhibit good
electrochemical stability as shown by cyclic voltammetry of
the PS@PPyCOOH and PS@PPyCOOH@CdS-coated ITO electrodes
(Fig. 15). The voltammogram of PS@PPyCOOH has a couple of broad
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Fig. 15. Cyclic voltammograms of the PS@PPyCOOH and PS@PPyCOOH@CdS particle-coated
anodic peak current Ia versus v.
oxidation and reduction waves at �0.12 and �0.22 V versus SCE,
respectively. Such values are in agreement with previously pub-
lished results on derivatized pyrrole copolymers [29]. As shown in
the inset of Fig. 15, the wave currents have linear relationships with
potential scan rates in the 20e300 mV/s range, indicating that the
mass and electron transfers occur at the electrode surface. One can
note the capacitive current obtained with PS@PPyCOOH@CdS-
coated ITO and which is higher than that recorded for PS@PPy-
COOH assemblies. This is due probably to the particles of CdS
immobilized on the carboxylic acid groups. Nevertheless, with the
immobilized CdS nanoparticles, the latex particle films can be
cycled repeatedly between the conducting (oxidized) and insu-
lating (neutral) state without any sign of degradation.

3.3.3. Impedance spectroscopy measurements
Films of PS@PPyCOOH and PS@PPyCOOH@CdS, prepared on

indium tin oxide (ITO) electrodes have been analyzed by imped-
ance spectroscopy measurements. The corresponding Nyquist
diagrams are represented in Fig. 16. The analysis was conducted
with 10 mV ac amplitude at the open circuit potential (OCP), in the
frequency range between 105 Hz and 0.1 Hz. The study is carried out
in an electrolyte solution H2O/LiClO4. The curves corresponding to
films of PS@PPyCOOH and PS@PPyCOOH@CdS showed a circular
part at high frequencies and a linear part at low frequencies that are
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characteristic of a transfer and diffusion process respectively. In the
presence of CdS, the capacitive loop becomes larger and the tangent
of the linear part is higher than 1. This indicates that the film
becomes more resistant due to the particles of CdS immobilized on
the layer of PS@PPyCOOH microspheres. Nevertheless, the CdS-
decorated film retains a stable and interesting electrochemical
behaviour.
4. Conclusion

Polypyrrole-polystyrene latex particles bearing surface N-ethyl
carboxyl functional groups were prepared in aqueous solution by
copolymerization of pyrrole and N-carboxylated pyrrole (PyCOOH)
using FeCl3 in the presence of PS latexes. The ratio of pyrrole to
COOH-functionalized pyrrole monomer was varied and its effect on
the surface and the bulk properties of the end products investi-
gated. The PS@PPyCOOHx particles were characterized in terms of
their chemical composition, size, morphology and coreeshell
structure. TEM showed an increase of the latex particle diameter
after coating by the conducting polymer layer, from 390 nm for
uncoated PS to 430 nm for PS@PPyCOOH50 particles, indicating
a PPyCOOH shell thickness of w20 nm. The coreeshell structure of
the PS@PPyCOOHx particles was evidenced by etching the poly-
styrene core in THF leading to the formation of hollow conducting
polymer capsules. We further investigated the self-assembling, via
electrostatic interactions, of CdS nanoparticles onto the surface of
PS@PPyCOOH50 particles. The pH of the reaction medium was
found to be an important parameter for the nanoparticles assembly,
which could not be obtained when the pH was equal or above 8. In
contrast, at pH 5, the carboxylated particles proved to be effective
for the electrostatic attachment of CdS nanoparticles, whilst
PS@PPy microspheres could not immobilize the quantum dots. The
surface carboxylic acid group governs the electrostatic attraction
between the positively charged CdS nanoparticles and the
PS@PPyCOOH microspheres.

Electrochemical data obtained with PS@PPyCOOH and PS@PPy-
COOH@CdS suspensions confirmed that the latex particles are
redox-active, with peak currents which are adsorption-limited. The
PS@PPyCOOH and PS@PPyCOOH@CdS particles, assembled on ITO
electrodes, were also shown to be electroactive with a high stability
under potential cycling, particularly for PS@PPyCOOH@CdS.
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