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ABSTRACT: Conducting core-shell poly(styrene/pyrrole) (poly(St/Py)) particles were successfully pre-
pared by a one-step solution route in soap-free emulsion polymerization. Hydrogen peroxide (H2O2) and a
trace of ferric chloride (FeCl3) were used as an initiator couple to carry out Fe3+-catalyzed oxidative
polymerization. The average particle size of the particle was approximately 250 nm and its core-shell
morphology (shell thickness ∼20-30 nm) was proved with transmission electron microscopy. The SEM
images after CHCl3 dissolution supported a clear evidence of distinct core-shell morphology, andwhich was
confirmed byDSC andTGAanalyses.We proposed a growthmechanism for the formation of the core-shell
poly(St/Py) particles based on the time-evolution morphology of the particle. The result was also corrobo-
rated by the time-evolutionGPC, FT-IR and ζ-potential data. The surface compositions of the particles were
examined byX-ray photoelectron spectroscopy (XPS). The doped particles showed a high conductivity in the
dry state.

Introduction

Poly(pyrrole) (PPy) is not only an important component of
conjugated polymers due to its usability in a wide range of
applications, but also one of the most studied conducting poly-
mers because it has a higher conductivity and better environ-
mental stability in the conductive (oxidative) state than any other
conducting polymers. PPy can be easily prepared by chemical
oxidative1 and electrochemical polymerization.2 In a chemical
oxidative polymerization, (NH4)2S2O8, H2O2, andmany kinds of
salts containing transition metal ions, e.g., FeCl3 or CuCl2, are
generally used as oxidants. Particularly in the case of conven-
tional chemical oxidative polymerization using FeCl3 as an
oxidant, a very large molar concentration of FeCl3 (e.g., FeCl3:
pyrrole=2.5:1) is often required tooxidize pyrrolemonomers.3 In
addition, it should be removed from the final product to obtain
the original electrical conductivity of the PPy; consequently,
washing procedures such as washing after centrifugation,4 dia-
lysis5 or extraction method with ethylenediaminetetraacetic acid
(EDTA) solution are needed.6 In this current work, however,
only a trace amount of FeCl3 was required to polymerize pyrrole
monomers. Therefore, it is not necessary to remove FeCl3 in the
Fe3+-catalyzed oxidative polymerization because only a catalytic
amount of FeCl3 was used.

7

For the wide range application of PPy in various fields, it is
important to improve its processability, conductivity, and envir-
onmental stability. Many researchers have focused on improving
the processability of conducting polymers.8-13 Often the solu-
bilization of conductive polymers can be achieved through

functionalization of the starting materials with a suitable side
chain prior to polymerization.14-16 These substituted PPys;
however, possess a lower conductivity than the pristine PPys.
Recently many other methods have been investigated in the
preparation of soluble or swollen PPy17-21 and dispersible fine
powdered PPy22-26 to improve their poor processability. For
example, sterically stabilized PPy colloids can be easily synthe-
sized in an aqueous media by chemically polymerizing pyrrole
monomers in the presence of a suitable water-soluble polymer,
such as methyl cellulose or poly(vinyl alcohol)23,27 An alternate
route for the preparation of colloidal conducting polymers
involves coated particles with a thin layer of conjugated polymer
to form conducting composites with a core-shell structure.28-31

There have been numerous efforts to synthesize core-shell
colloid materials with tailored structural, optical and surface
properties, which are applicable to various fields, i.e., coatings,
electronics, catalysis, separations, and diagnostics.32-34 Its popu-
larity is due to the expected improvement of polymer processa-
bility and the unique intrinsic properties in dispersed nanometer
or micrometer-sized materials. If the conducting polymer shell-
layer is continuous, it can lead to a relatively high conductivity in
spite of the low conducting polymer loading. Yassar et al.
reported that sulfonic and carboxylic acid coated poly(styrene)
could be coated with PPy overlayer using FeCl3.

25

To the best of our knowledge, one-step solution route for
the preparation of core-shell conducting polymer particles, i.e.,
poly(styrene/pyrrole) (poly(St/Py)), has never been reported.
Usually, the core-shell conjugated polymer particles were pre-
pared by multistep procedures using seed particles as a core
material.28-31,35,36 These techniques, however, have significant
limitations of being both expensive and time-consuming due to
the multistep procedures. Here, we proposed a facile method of
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preparing conducting polymer colloid particles with core-shell
morphology using a one-step reaction.

Experimental Section

Materials. Styrene monomer (St, Junsei Chemical, Japan)
was purchased and purified using an inhibitor remover column
(Aldrich Co., Milwaukee, WI). The purified monomer was kept
at-5 �C until used. Sodium p-styrene sulfonate (NaSS, Aldrich
Co., Milwaukee, WI) was purchased and used as received.
Pyrrole monomer (Py, Acros Organics) was refrigerated at -5 �C
until used. Potassium persulfate (KPS, Junsei Chemical, Japan)
and sodium bicarbonate (NaHCO3, Aldrich, Milwaukee, WI)
were analytical grades, and used without further purification.
Anhydrous ferric chloride (FeCl3, Kanto Chemical, Japan) and
hydrogen peroxide (H2O2, DCChemical, Korea) were used as a
catalyst and an oxidant, respectively, without further purifica-
tion. Double-distilled and deionized (DDI) water was used
throughout the experiment.

Preparation of Core-Shell Poly(St/Py) Particles.Core-shell
poly(St/Py) particles were synthesized in a 500 mL double-
jacketed glass reactor, which was fitted with a reflux condenser,
a nitrogen gas inlet, an ingredient inlet, and a Teflon-blade
mechanical stirrer. The reaction temperature was 80 �C and
maintained with a thermostat. The stirring rate was 400 rpm.
The reaction procedure is as follows: NaSS (0.0017 mol, 0.36 g)
and NaHCO3 (0.0027 mol, 0.05 g) were dissolved in DDI water
under N2 atmosphere. H2O2 (0.441 mol, 15 g, 50% aqueous
solution) was added to the reactant mixture solution. Styrene
(0.115 mol, 12 g) and pyrrole (0.089 mol, 6 g) monomers were
added to the mixture. After 0.5 h, KPS (0.002 mol, 0.012 g in
10 mL DDI water), FeCl3 (0.0002 mol, 0.009 g in 10 mL DDI
water) were added to the mixture and kept at the same reaction
conditions for 5 h.

Characterization

Solid Content, Particle Size, and Stability Analysis (ζ-Poten-
tial) of Core-Shell Poly(St/Py) Particles. Solid content of the
final latex particles, as determined by a gravimetrical method,
was 6.25 wt %. The average particle size and particle size
distribution were analyzed by capillary hydrodynamic fractio-
nation (CHDF, CHDF-2000, Matec App. Sci.) at 20 �C. All
samples were diluted with DDI water and redispersed with an
Ultrasonic Processor VCX-500 sonicator (Watt, Sonics &
Materials, Inc.) with a microtip at 20% power for 10 s.
Colloidal stability of the core-shell poly(St/Py) particles was
confirmed by ζ-potential analysis (Zeta-Sizer 3000 HSA,
Malvern, U.K.).

Molecular Weight and Molecular Weight Distribution of
the Core-Shell Poly(St/Py) Particles.Molecular weight and
molecular weight distribution of the core-shell poly(St/Py)
particles were obtained using a gel permeation chromatog-
raphy (GPC, Waters Co.) equipped with a series of Waters
columns (HR4, HR3, HR2, HR1), HPLC pump, RI detec-
tor, and data module at 40 �C. Molecular weights were
determined from the refractive index data, which were
analyzed with Waters Breeze System. Polystyrene standards
and universal calibration was adapted to reduce measuring
error. Eluent was tetrahydrofuran (THF) with a flow rate of
1.0 mL min-1.

Morphology of Core-Shell Poly(St/Py) Particles. The
surface and core-shellmorphologies of poly(St/Py) particles
were observed by using a transmission electron microscope
(TEM; JEM-2000EXII, JEOL Co., Japan) and field-emis-
sion scanning electron microscope (FE-SEM; JSM-6500F,
JEOL Co., Japan). The sample (30 mL; 0.1 wt %) deposited
on a copper grid (200 mesh) was stained with the vapor of a
0.1 wt%RuO4 aqueous solution at 40 �C and kept for 1 h in
a fume cupboard. Afterward, the grid was dipped into a

0.4 wt % phosphotungstic acid aqueous solution, and the
water was allowed to evaporate.

Thermal Property Analysis (DSC and TGA).Adifferential
scanning calorimeter (DSC Q10, TA Instr.) was used to
examine the glass transition temperature (Tg) of the core-
shell poly(St/Py) particles prepared. The heating rate was
5 �C min-1 under an N2 purge of 30 mL min-1. The sample
size was 10 mg in a sealed aluminum pan. DSC data were
obtained from -50 to +250 �C.

Thermogravimetric analyzer (TGAQ50, TA Instruments)
was used to examine the thermal degradation properties of
the core-shell poly(St/Py) particles prepared. The sample
weightwas 10mg.The experimental runwas performed from
20 to 500 �C at a heating rate of 5 �C min-1 in a nitrogen
atmosphere with a gas flow rate of 30 mL min-1.

Growth of Core-Shell Poly(St/Py) Particles. Growth of
core-shell poly(St/Py) particles was observed with a FE-
SEM and a Fourier transform infrared spectroscopy (FT-
IR; TENSOR27, BrukerOptikGmbH,Germany) in a range
of 400-4000 cm-1 at room temperature. For investigation of
the time-evolution growth of the core-shell poly(St/Py)
particles, all samples were taken at an appropriate time
interval and exposed to a chloroform (CHCl3) solution for
15 h to remove the core poly(St/NaSS)materials. Afterward,
the samples were dried and monitored by FE-SEM.

Elementary Analysis of the Shell Surface of Core-Shell
Poly(St/Py) Particles (XPS). Surface compositions of the
PPy shell of the core-shell poly(St/Py) particles were exam-
ined byX-ray photoelectron spectroscopy (XPS, ESCALAB
220-IXL, VG Scientific Instrument). X-ray photoelectron
spectroscopy (XPS) measurements have been carried out
using Al KR X-ray source (1486.6 eV). High resolutions
scans with a good signal ratio have been obtained in C1s, N1s,
O1s, and S2p. All the spectra have been recorded under
ambient conditions.

Electrical Conductivity Measurement of Core-Shell Poly-
(St/Py) Particles. The electrical conductivity of core-shell
poly(St/Py) particles was determined using a standard four-
point probe technique (RT-70/RG-5 four point probe sys-
tem, Napson Co., Japan) at room temperature. The powders
(∼0.5 g) were pressed (∼5 ton) into pellets (3 mm thick,
12 mm diameter). The conventional four-point probe meth-
od (sampleswere pressed against four goldwires) was used to
obtain the DC electrical conductivity of these pellets. Aging
in inert atmosphere was performed by heating samples in
dry nitrogen. The powders were treated as synthesized, then
pressed into pellets for conductivity measurements. Sheet
resistivity (in Ω/0) of the core-shell poly(St/Py) particles
was measured and converted into electrical conductivity
(S cm-1).

Results and Discussion

Formation of the Core-Shell Poly(St/Py)Particles.
Figure 1a shows a schematic for the formation of core-shell
poly(St/Py) particles via Fe3+-catalyzed oxidative poly-
merization and emulsifier-free emulsion polymerization.
Before polymerization, the droplets of pyrrole and styrene
monomers are dispersed in a continuous aqueous phase
under vigorous agitation. Other water-soluble components,
such as KPS, NaSS, and FeCl3, as well as a small portion of
styrene monomers (6.2 mM at 80 �C37) are dissolved in the
aqueous phase. The oligomers of pyrrole are formed by
oxidative polymerization in the presence of Fe3+ or KPS.38

These oligomers form small aggregates (i.e., primary parti-
cles) due to hydrophobic interaction. At the same time, the
oligomers of styrene/NaSS are formed by KPS via free-
radical polymerization in the aqueous phase. As the chain
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length of the styrene/NaSS oligomer increases to z-mer
(•MzSO4

-), they become surface active and enter into the
primary particle of pyrrole oligomers. Anchoring of styrene/
NaSS oligomers leads to the colloidal stabilization of the
hydrophobic primary particles, since the hydrophilic moi-
eties of SO4

- (fromKPS) and SO3
- (fromNaSS) are located

the surface of the particle and the hydrophobic styrene units
are located in the inner space of the particles. Styrene and
pyrrole monomers can diffuse into the primary particles
from the monomer droplets via continuous phase. Pyrrole
monomer is predominantly polymerized at the surface of
the primary particle, because the Fe3+ ions are enriched at
the surface of the particle due to the ionic attraction between
sulfate (SO4

-) or sulfonate (SO3
-) ions and Fe3+ ions. This

provides an opportunity for a rapid oxidative polymeriza-
tion of pyrrole at the water/particle interface. Consequently,
PPy shell can be successfully formed at the surface of the
particles.

In the beginning of the polymerization, the polymerization
rate of styrene seems to be lower than that of pyrrole. In
general, the oxidation reaction is faster than the thermal
decomposition. Therefore, a portion of KPS can be used as
an oxidant for the polymerization of pyrrole.38 In addition,
the standard reduction potential ofKPS (+2.010V) is higher
than those of FeCl3 and H2O2 (+0.771 and +1.776 V,

respectively).7 The PPy primary particles electro-statically
stabilized can provide main polymerization loci to styrene
monomers. As the polymerization of styrene monomers
proceeds inside the particles, the core-shell poly(St/Py)
particles are formed. The shell thickness increases by the
oxidative polymerization of pyrrole with Fe3+ at the water/
particle interface, in which three intermediate reaction steps
are included: formation of a radical cation, radical combina-
tion, and deprotonation as illustrated in Figure 1b.

As seen in Figure 1b, the first step consists of the oxida-
tion of the pyrrole monomer by Fe3+ ion and transforma-
tion into its radical cation. The second step involves the
coupling of two radicals to produce the dihydro dimer
dication that leads to a dimer after the loss of two protons
and rearomatization in the third step. In the polymeriza-
tion step, the dimer, which is more easily oxidized than the
monomer, turns into its radical cation form by recyclable
Fe3+ ions and undergoes a further coupling with a mono-
meric or oligomeric radical cation. During the oxidation
of the pyrrole by Fe3+ ions, the Fe2+ ions formed by the
oxidation reaction with pyrrole monomers can be reoxi-
dized to Fe3+ ions by H2O2, which guarantees a high
conversion of pyrrole monomers with only a trace of FeCl3.
In this process, water (H2O) is formed as a byproduct. This
recyclable reaction accompanies the Fenton reaction.39

Hydroxide ions (OH-) can be formed in aqueous solu-
tion by direct reaction of hydrogen peroxide (H2O2) with
ferrous salt (Fe2+). These hydroxide ions result in neutra-
lization reaction, which also called a water forming reac-
tion. In other words, hydroxide ions react with hydrogen
ions (H+), formed by deprotonation reaction of pyrrole
dimer, to form water molecule. This indicates this syn-
thetic method contains an environmentally friendly reac-
tion system.

Particle Size andMolecularWeight of the Core-Shell Poly-
(St/Py)Particles.The representativeSEMimages of the core-
shell poly(St/Py) particles are shown in Figure 2. The number
average particle sizes (Dn) of the particles were about 250 and
420nm, respectively,which is in goodagreementwith capillary
hydrodynamic fractionation (CHDF) data (261.6 and 417.2
nm) in Figure 3. TheCHDFdata shows a bimodal peak of the
core-shell poly(St/Py) particles. The bimodal distribution
originates from the “existence” of surface active oligomers of
styrene/NaSS. At the beginning of polymerization, the oligo-
mers of pyrrole are instantly formed by KPS or Fe3+ to form
aggregates due to their hydrophobicity. Until the oligomers of
styrene/NaSS reach “z-mer”, namely “surface active oligo-
mer”, the PPy aggregates would be unstable and keep coagu-
lating. For this reason, the PPy aggregates before and after the
formation of the styrene/NaSS oligomer would have different
particle sizes. The anchoring of styrene/NaSS oligomers leads
to the limited coagulation of the PPy aggregate. Therefore, the
particle percentage at ca. 250 nm is predominant, while the
particle percentage at ca. 420 nm seems negligible as shown in
Figure 3.

Figure 4 shows the time-evolution Mw of the core-shell
poly(St/Py) particles. Samples were taken at various inter-
vals and analyzed after filtration. The obtained original PPy
shells of the core-shell poly(St/Py) particles were insoluble
in organic solvents; however, the poly(St/NaSS) core is
soluble in THF,DMFandDMSO, etc. As shown in Figure 4
and Table 1, the poly(St/NaSS) core shows the Mw value of
41 899 g mol-1 at 300 min. While the Mw values of the
styrene/NaSS oligomers in the core from 30 to 180 min
actually increased from 384 to 878 g mol-1, which is so small
compared to the finalMw value. From this data, one can see
that poly(St/NaSS) core could not be polymerized in the

Figure 1. (a) Schematic illustration of the mechanism for the prepara-
tion of core-shell poly (St/Py) particles. (b) Detailed reaction
mechanism of pyrrole monomers via Fe3+-catalyzed oxidative poly-
merization.
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early stage of the polymerization (i.e., until 180 min) due to
the role of KPS as a oxidant for pyrrole monomers. This
result is in accordance with the time-evolution SEM data as
shown inFigure 7. This provides a strong evidence for the
synthetic mechanism that the PPy shell was formed earlier
than poly(St/NaSS) core. This result will be discussed in
detail through time-evolution FT-IR measurements, as seen
in Figure 8.

Morphology of the Core-Shell Poly(St/Py) Particles. To
confirm core-shell morphology of the core-shell poly(St/
Py) particles, they were exposed to a chloroform (CHCl3)
solution for 15-20 h to remove the poly(St/NaSS) core.

As seen in Figure 2b, the image of crumpled PPy shells
indicates the core-shell morphology of the resulting parti-
cles. Figure 5a shows the schematic and TEM micrograph
for the compositions and inner structures of the individual
core-shell poly(St/Py) particle. The particle size of the
individual particle is approximately 150 nm. The thickness
of the shell composed of PPy was 24 nm. As seen in the TEM
images (Figure 5, parts b and c) with lower magnification
showing more particles, all of the resultant spheres showed
the core-shell structure with an average shell thickness of
20-30 nm for the PPy layer. As seen in Figure 5, one step
reaction containing the two different monomers provides
core-shell morphology and the outline of the poly(St/NaSS)
core part is clearly shown. The contrast between the core and
shell part is distinguishable, indicating that PPys are favor-
ably located in the outer periphery (surface) of the particles.
From this data, it can be concluded that the poly(St/Py)
particles with the core-shell morphology, which was also
corroborated by SEM data in Figure 2b, were success-
fully prepared by one-step reaction via the Fe3+-catal-
yzed oxidative polymerization and emulsifier-free emulsion
polymerization.

Thermal Properties of the Core-Shell Poly(St/Py) Parti-
cles. Figure 6 shows the thermal degradations of poly(St/
NaSS), PPy, and core-shell poly(St/Py) particles. As seen in
Figure 6, parts a and b, the initial decomposition tempera-
tures of poly(St/NaSS) and PPy samples were about 395 and
120 �C, respectively. However, as seen in Figure 6c, the two
onset points of decomposition of 395 and 120 �C were also
observed in the core-shell poly(St/Py) sample. This result
provides evidence that each composition of the core-shell
poly(St/Py) particles, i.e., poly(St/NaSS) and PPy, main-
tained independent domains as core and shell.

Table 2 lists the values of Tg of pristine poly(St/NaSS),
PPy, and core-shell poly(St/Py) particles prepared by using
the Fe3+-catalyzed oxidative polymerization and emulsifier-
free emulsion polymerization. The glass transition of the
poly(St/NaSS) (Tg=108 �C) exhibited a typical sharp base-
line shift while that of PPy (Tg=70 �C) showed a broad tem-
perature range. TheTg of the poly(St/NaSS) was about 38 �C
higher than that of the homo PPy particle while two onset
points of Tg (broad peak around 70-120 �C and sharp peak
around 108 �C) were observed in the core-shell poly(St/Py)
sample. This result was consistent with the TGA data. This
can be explained by seeing that the absence of graft-
ing reaction cites between the initiation of the vinyl groups
of styrene monomers and the oxidative hydrogen abstrac-
tion of pyrrole monomers, originated from the different
polymerization mechanism of each monomers, maintains

Figure 2. SEM images of (a) core-shell poly(St/Py) particles and (b) crumpled PPy shell layer of poly(St/Py) particles after CHCl3 dissolution.

Figure 3. (a) Number average and (b) weight average particle size
distributions of core-shell poly(St/Py) particles measured by using
CHDF.

Figure 4. Time-evolution weight-average molecular weight data of the
core-shell poly(St/Py) particles. The inset shows weight-average mole-
cular weight data for the first 180 min.
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independent domains for each composition of the core-shell
poly(St/Py) particles. This result was also confirmed by SEM
and TEM analyses.

Synthetic Mechanism of the Core-Shell Poly(St/Py) Par-
ticles. Figure 7 shows the time-evolution SEM images of the
core-shell poly(St/Py) particles before (a-e) and after (f-j)
chloroform (CHCl3) dissolution. In the investigation of the
composition of the shell materials of the core-shell poly(St/
Py) particles, the resulting core-shell poly(St/Py) particles in
various polymerization time were exposed to a chloroform
(CHCl3) solution for 15 h to remove the core material, i.e.,
poly(St/NaSS). With the SEM images, one can see the
formative process of the core-shell poly(St/Py) particles.
A particle formation mechanism of the core-shell poly-
(St/Py) particles was explained above in Figures 1, 3,
and 4. Above-mentioned elucidation was corroborated by
the time-evolution SEMdata, as seen in Figure 7. In the early
stage of polymerization, i.e., 30 min, thin film was observed
from the sample Figure 7a). After the chloroform (CHCl3)
dissolution, the thin film was observed as before (Figure 7f).
This result indicates the thin film is distinctly composed of
PPy, which is insoluble in CHCl3 solution. At 90 min, before
and after the CHCl3 dissolution (Figure 7, parts b and g), we
could find traces that the primary PPy aggregates had been
formed in the aqueous phase. After 180 min of polymeriza-
tion, a globular crumpled shell of PPy was formed. We can

see that styrene monomers and oligomers were located in the
core space of the core-shell poly(St/Py) particles before
drying from Figure 7c and h. This globular crumpled shell
of PPy remained unchanged after removal of the styrene
monomers and oligomers in the core space (Figure 7h). As
poly(St/NaSS) grew, the vacant spaces in the core of the
core-shell poly(St/Py) particles were filled up completely
(Figure 7c,d). After 300 min, spherical core-shell poly-
(St/Py) particles with a good stability were formed as seen
in Figure 7e. These observations also supported the mechan-
ism described above. This result can be corroborated by
ζ-potential data as seen in Figure 8. Figure 8 shows that
ζ-potential values of the core-shell poly(St/Py) particles
decreased by 210min during the polymerization and became
constant thereafter. The negative ζ-potential values of the
core-shell poly(St/Py) particles originates from the hydro-
philic moieties of SO4

- (from KPS) and SO3
- (from NaSS).

Throughout the polymerization, the concentration of NaSS
copolymerized within styrene/NaSS oligomer chains was
increasing continuously despite the tremendous radical loss
that resulted from the oxidation reaction of pyrrolemonomers
byKPS. This result is due to the higher reactivity ofNaSS than
that of styrenemonomer and the coexistenceofNaSSandKPS
in the aqueous phase. Consequently, lower ζ-potential values
(-4.3 mV) of the core-shell poly(St/Py) particles were ob-
served at the beginning of polymerization (10 min). As the
polymerization proceeded, however, the concentration of
NaSS in styrene/NaSS oligomers became higher. Therefore,
higher ζ-potential values (-48.3 mV) of the core-shell
poly(St/Py) particles were obtained. These higher ζ-potential
values indicate the core-shell poly(St/Py) particles are very
stable. From Figures 7 and 8, we can conclude that stable
core-shell poly(St/Py) particles can be successfully prepared
due to electrostatic stabilization of NaSS.

FT-IR spectra of the core-shell poly(St/Py) particles
throughout the polymerization time are presented in
Figure 9c-g. FT-IR spectra of pristine PPy and poly-
(St/NaSS) particles are also shown in Figure 9, parts a and b,

Table 1. Characteristics of the Core-Shell Poly(St/Py) Particles Prepared by Using Fe
3+

-Catalyzed Oxidative Polymerization and Emulsifier-
Free Emulsion Polymerization

sample Dn/nm Dw/nm PDIa Mn/g mol-1 Mw/g mol-1 PDIb ζ-potential/mV

poly(St/Py) particles 253.6 275.5 1.09 20 527 41 899 2.04 -48.3

aPDI=Dw/Dn,Dw andDn were measured by capillary hydrodynamic fractionation (CHDF) bPDI=Mw/Mn,Mw, andMn for poly(St/NaSS) cores
were measured by gel permeation chromatography (GPC).

Figure 5. Representative TEM images of core-shell poly(St/Py) par-
ticle with a 24 nm thickness of PPy layer at (a) high magnification
(�200K), (b) low magnification (�100K), and (c) lower magnification
(�50K).

Figure 6. TGA curves of (a) pristine poly(St/NaSS), (b) pristine PPy,
and (c) core-shell poly poly(St/Py) particles.
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to compare with the peak position of the core-shell poly(St/
Py) particles. As shown in Figure 9, parts a and b, FT-IR data
for pristine PPy and poly(St/NaSS) particles were as follows.

•Pristine PPy particles (KBr, cm-1): 3500-3300 (νNH

stretching of pyrrole rings), 1640-1560 (νNH in-plane

bending of pyrrole rings), 1350-1000 (νCN stretching of
pyrrole rings).

•Pristine poly(St/NaSS) particles (KBr, cm-1): 3100-3000
(νCH stretching of aromatic C-H groups), 3000-2900 (νCH
stretching of aliphatic C-H groups), 2000-1650 (νCdC

Figure 7. Time-evolution SEM images of core-shell poly(St/Py) particles before (a-e) and after (f-j) chloroform (CHCl3) dissolution. The time in
each SEM micrograph indicates the polymerization time.
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overtone and combination bands of aromatic rings), 1600-
1550 (νCdC stretching for aromatic rings), 1500-1450 (νCdC

stretching for aromatic rings), 1300-1000 (νCH in-plane
bending of aromatic rings), 780 and 700 (νCH out-of-plane
bending of monosubstituted aromatic rings).

In order to confirm the reaction in each step of the particle
formation, the intensity of CH stretching peaks of poly(St/
NaSS) in the 3100-2900 cm-1 range were monitored every
30 min. The NH peak in the 3500-3300 cm-1 ranges was
used as internal standard. As the reaction progressed, the
intensity of aliphatic CH stretching peak increased from
180min as seen in Figure 9e, indicating that the CdC double
bonds of styrene monomers had reacted with propagating
radicals and formed theC-C single bonds of poly(St/NaSS).
This results were corroborated by the increased intensities of
CdC overtone and combination bands of aromatic rings at
2000-1650 cm-1, CdC stretching peaks of aromatic rings
at 1600-1550 and 1500-1450 cm-1, CH out-of-plane bend-
ing peaks of monosubstituted aromatic rings at 780 and
700 cm-1. After completion of the polymerization reaction,
the peak positions of the core-shell poly(St/Py) particles
consistent with those of each pristine homopolymer con-
firmed that the independent domains for each composition
of the core-shell poly(St/Py) particles still remained un-
changed, as explained in Table 2 and Figure 6. In addition, it
is confirmed that the rate of Fe3+-catalyzed oxidative poly-
merization of pyrrolemonomers is faster than the rate of free
radical polymerization of styrene monomers from the time-
evolution FT-IR data as shown in Figure 9c-g. This result
was also verified by the time-evolution SEM data.

Surface Compositions of the Core-Shell Poly(St/Py) Par-
ticles. The surface compositions of the core-shell poly-
(St/Py) particles were examined by X-ray photoelectron
spectroscopy (XPS). The N1s XPS signal is a unique ele-
mental marker for the PPy component and therefore was
measured to confirm the elemental identity of the prepared
PPy shell of the core-shell poly(St/Py) particles. Figure 10
depicts XPS survey spectra of the core-shell poly(St/Py)

Figure 8. Time-evolution ζ-potential values of core-shell poly(St/Py)
particles.

Figure 10. XPS survey spectra for core-shell poly(St/Py) particles on
the cleaned glass substrate.

Table 3. The Electrical Conductivity Data for Core-Shell Poly-
(St/Py) Particles Fabricated by Using Fe

3+
-Catalyzed Oxidative

Polymerization

electrical property values

sheet resistance a (Ω per square) 3.01�104 ( 0.02
specific resistance, Fb (Ω 3 cm) 0.45
conductivity c (S 3 cm

-1) 2.21

a Sheet resistances of the core-shell poly(St/Py) particles were deter-
mined using standard four-point probe techniques at 20 �C. bThe
thickness of the core-shell poly(St/Py) particles was 250 nm. cCon-
ductivity = 1/specific resistance; The applied current and voltage were
10 μA and 100 mV, respectively.

Table 2. Thermal Properties of the Core-Shell Poly(St/Py) Particles

sample code

properties
pristine PPy
homopolymer

pristine poly(St/NaSS)
homopolymer

core-shell poly(St/Py)
particles

glass transition temperature (Tg) 70-120 �C 108 �C 70-120 �C, 108 �C
initial thermal decomposition temperature (Td) 120 �C 395 �C 120 �C, 395 �C

Figure 9. Time-evolution FT-IR spectra of (a) pristine PPy, (b) pristine
poly(St/NaSS), and (c-g) core-shell poly poly(St/Py) particles. In
order to investigate the reaction in each step of the particle formation,
the intensity of CH stretching peaks of poly(St/NaSS) in the 3100-
2900 cm-1 range were monitored every 30 min: (c) 30 min, (d) 90 min,
(e) 180 min, (f) 210 min, and (g) 300 min.
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particles on the cleaned glass substrate. The Si2s, Si2p, O1s,
and N1s signals due to the glass (SiO2) substrate and PPy
shell, respectively, were observed in the survey spectrum of
the core-shell poly(St/Py) particles. The S2p signal (167.1 or
168.5 eV)40 of sulfonate or sulfate groups (SO3

- or SO4
-)

was indiscernible due to the weak peak intensity and over-
lapping with the strong peak of Si2s signal. This result arose
from a relatively small amount of NaSS and KPS used
compared with that of pyrrole monomer. The peak intensity
of S2p signal was negligible compared with that of N1s signal
of the PPy shell even though the sensitivity factor of sulfur (S)
is higher than that of nitrogen (N).41 From these results it can
be concluded that the shell of the prepared core-shell poly-
(St/Py) particles are made of the PPy since N atoms are
exclusively due to the PPy component.

Electrical Conductivity of the Core-Shell Poly(St/Py)
Particles. Electrical resistance and conductivity data of the
core-shell poly(St/Py) particles fabricated by using Fe3+-
catalyzed oxidative polymerization are given in Table 3. The
conductivity of the core-shell poly(St/Py) particles was
2.21 S 3 cm

-1. Doping level of the core-shell poly(St/Py)
particles was 0.33. This value is themaximum doping level of
PPy for Cl- dopant.42 Recently, electrical properties of
conducting PPy colloidal and core-shell particles fabricated
with variousmethods (i.e., dispersion, emulsion, and suspen-
sion, etc.) have been reported. We listed the values of
electrical conductivity for PPy colloidal and core-shell
particles prepared with different methods in Table 4. Con-
ductivities of the PPy colloidal particles prepared by emul-
sion and dispersion methods were in the range of 10-5-10-1

S/cm,43 3.0 S/cm,44 5.5-9.9 S/cm,45 and 0.8-6.2 S/cm,23

respectively, depending on the amount of dopant. In the case
of PPy core-shell particles prepared by seeded suspension
and emulsion methods, their conductivities were 5.5� 10-2

S/cm46 and 1.59 S/cm,35 respectively. Comparing our results
with published data, conductivity of the core-shell poly-
(St/Py) particles was comparable with the reported values of
the various PPy colloidal and core-shell particles.

Conclusions

We demonstrated that the core-shell poly(St/Py) particles
were successfully prepared by using Fe3+-catalyzed oxidative
polymerization with emulsifier-free emulsion polymerization in
aqueous medium. The average particle sizes (Dn) of the particles
were about 250 and 420 nm, which were confirmed from the
analyses of SEM and CHDF. The prepared poly(St/Py) par-
ticles showed the core-shell morphology and maintained the
independent domains (i.e., core and shell part) for each composi-
tion, poly(St/NaSS) and PPy, respectively. The growth mechan-
ism for the particle formation of the core-shell poly(St/Py)

particles was confirmed by the time-evolution SEM data, which
is also corroborated by the time-evolution GPC, FT-IR and
ζ-potential data. The resulting poly(St/Py) particles showed
an excellent electrical conductivity (2.21 S/cm) due to the core-
shell morphology. It is likely that the PPy is mainly located
on the surface of the particles and this leads to a much
higher electrical conductivity of the core-shell poly(St/Py) par-
ticles.

This new strategy is universal for the synthesis of many other
conjugated materials with controlled morphology. This method
can be effectively utilized to prepare the structured functional
polymeric materials with various morphologies and inner struc-
tures for the bio- or chemical-sensor applications and electrical
device fields.
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