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Honeycomb-structured porous films were prepared using customized amphiphilic block copolymers, synthesized
by RAFT polymerization. Pyrrole was templated along an amphiphilic block copolymer, composed of polystyrene
and poly(acrylic acid). Subsequent oxidation of pyrrol to polypyrrole, resulted in the formation of a soluble
polypyrrole-containing polymer. Gel permeation chromatography and dynamic light scattering studies confirmed
the solubility of the resulting customized amphiphilic block copolymer, in both water and organic solvent, forming
either micelles or inverse aggregates. Porous films with a hexagonal array of micron-sized pores were generated
with the polymer, using the breath figures templating technique. The resulting films were found to be non-
cytotoxic and hence suitable as scaffolds for tissue engineering. Initial fibroblast cell culture studies on these
scaffolds demonstrated a dependency of cell attachment on the pore size of scaffolds.

Introduction

Electrically conducting polymers are proposed as having
potential for applications such as batteries, sensors, antistatic
coatings, and microelectronic devices. However, more recently,
the potential use of these polymers in biological systems has
raised considerable interest. The stimulation of biological
systems with electrical currents is known to be beneficial for
the growth of cells.1 Typical conducting polymers, utilized to
interact with amino acids, proteins, enzymes, or living cells,
are polyanilines, polythiophenes, and polypyrroles. In vivo
studies have concluded that polypyrrole is not cytotoxic and is
biocompatible at moderate quantity. It can be fabricated into
conducting conduits that support the regeneration of damaged
peripheral nerves in rats.2-4 It has also been shown that electrical
stimulation of PC-12 cells (neuron-like cells) on polypyrrole
substrates resulted in a twofold amplification of neurite out-
growth in comparison to controls not subjected to electrical
stimulation.2,3 Cell adhesion is strongly dependent on the surface
chemistry of the substrates, such as hydrophobicity or surface
charge5 and topography.6 Polypyrrole, in its intrinsic state, is
rather brittle and is an insulating material with a nondegenerate
ground state and a band gap (Eg) of 3.2 eV between valence
and conduction bands.7 The conductivity of intrinsic polypyrrole,
however, can be transformed from insulating (σdc e 1 × 10-7

S cm-1) to metallic (σdc g 1 × 102 S cm-1) through the process
of oxidative doping.8 Dopants commonly employed include
small anions,9,10 polymeric anions,3,11,12 buffer salts or ionic
liquids,13 and biologically active anions such as adenosine
triphosphate, hyaluronic acid, heparin, antibodies, enzymes, and
even living cells.1 Dopants not only alter the conductivity of
polypyrrole but also increase the solubility of the otherwise

insoluble polypyrrole. Solubility in water or in organic solvents
is important and is a prerequisite for certain processing
techniques, such as the preparation of conductive coatings14 that
involves the evaporation of solvent while the polymers organize
in a certain order. Preparation of polypyrrole is typically facile
and involves oxidative polymerization either chemically or
electrochemically, with a dopant anion being incorporated into
the polymer chain. Polymerization conditions not only determine
the polymer composition but also influence the structure of the
polymer, from the molecular level to the macroscopic level.15

The aim of this study is the synthesis of polypyrrole-
containing polymers that can easily be processed into porous
films suitable for tissue engineering. While polypyrrole is
usually insoluble, we propose the templating of pyrrole along
a poly(acrylic acid) chain resulting in water-soluble polymers.
Poly(acrylic acid) not only enhances the solubility of the
polymer but also acts as a dopant.12 Pyrrole coordinates with
acid groups such as poly(acrylic acid)s via hydrogen bonds. The
subsequent polymerization of the adsorbed pyrrole should result
in the polypyrrole aligned with the acrylic acid segments. This
templating polymerization leads to oriented growth of polypyr-
role12 and subsequently into water-soluble conducting polymers.
The attachment of hydrophobic sequences results in the forma-
tion of amphiphilic structures, presenting good solubility both
in aqueous solutions as well as in organic solvents. (Scheme 1)

Being based on an amphiphilic block copolymer structure,
the polymers synthesized can undergo self-assembly into
micellar and inverse micellar structures, thus being suitable to
be processed into coatings and films. To demonstrate the
possibility of processing these polymers from organic solvents
into a porous polymer scaffold, we employ the breath figure
technique. This technique allows the formation of conducting
regular porous honeycomb-structured films prepared via breath
figures.16-18 Some preliminary results on the usage of these
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honeycomb-structured porous films as a surface for tissue
engineering will be presented.

RAFT polymerization19-21 is a versatile way to prepare
amphiphilic block copolymers,22-24 since functional groups such
as carboxylic acids do not interfere with the living behavior of
the polymerization. The polymerization can even be easily
carried out in aqueous environment25 and has been shown to
be suitable for the controlled polymerization of acrylic acid.26-28

Experimental Section

Materials. 2,2′-Azobis(2-cyanopropane) (AIBN, Aldrich, 98%) was
purified and used as the thermal initiator in all polymerizations involving
acrylic acid. Acrylic acid (AA, Aldrich, 99%) was distilled and stored
below 4 °C, while styrene (Aldrich, 99%) was deinhibited using an

alumina column. The RAFT agent used in the polymerization of both
AA and styrene, 3-benzylsulfanylthiocarbonylsulfanyl propionic acid,
was prepared according to the procedure described elsewhere.29 N,N-
Dimethylacetamide (DMAc, Aldrich, 99.9%) was used as the solvent,
without further purification. Pyrrole (Py, Aldrich, 98%) was distilled
under vacuum, prior to polymerization, and was initiated by the addition
of ammonium persulfate (APS, Aldrich, 98%).

Polymerization. Poly(acrylic acid) was prepared by dissolving
monomer (4.32 g), AIBN (0.0019 g), and benzylsulfanylthiocarbon-
ylsulfanyl propionic acid (0.0326 g) in DMAc (25.9558 g). The reactant
solution was poured into a 100 mL vacuum flask and degassed via
several freeze-thaw-evacuate cycles. The contents were then trans-
ferred into sample bottles, purged with nitrogen, and sealed with rubber
septa, before placing into an isothermal water bath at 60°C to
polymerize. Sample bottles were subsequently removed at regular time
intervals and quenched, via submergence in a beaker of ice cold water.

Scheme 1: Synthesis of PS-PAA Block Copolymers via RAFT Polymerization Followed by the Adsorption of Pyrrole onto the PAA Block
and the Subsequent Oxidation to Polypyrrole
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Conversions were determined gravimetrically following evaporation
of monomer and solvent.

Polystyrene-poly(acrylic acid) block copolymers (PS-PAA) were
synthesized from polystyrene macroRAFT agent using benzylsulfa-
nylthiocarbonylsulfanyl propionic acid.29 PS macroRAFT agent (Mn

) 25 000 g mol-1, 2.70 g), AA (4.13 g), and AIBN (0.0018 g) were
weighed directly into a 200 mL vacuum flask and dissolved in DMAc
(25.96 g) using a magnetic stirrer. The reaction mixtures was degassed
via several freeze-thaw-evacuate cycles, transferred into bottles, sealed
under vacuum, and purged with nitrogen. The bottles were then placed
in an isothermal oil bath at 60°C to polymerize, and at regular time
intervals were removed and quenched. Conversions were determined
gravimetrically following evaporation of monomer and solvent.

Pyrrole monomer (0.0485 g) was weighed into six separate glass
sample tubes containing PAA (0.1430 g). Distilled water (3.00 g) was
added to each sample tube, and the contents were thoroughly mixed,
using a magnetic stirrer, for 3 days. Different quantities of APS (0.0452
g, 0.0318 g, 0.0238 g, 0.0213 g, 0.0167 g, 0.0132 g) were then dissolved
in distilled water (2.00 g) to achieve [Py]/[APS]) 3.5, 6.1, 6.9, 7.4,
10, and 12, respectively. APS(aq) was then added dropwise to each of
the PAA/Py stirred solutions, over a period of 4-5 min. The
polymerization was carried out for 1 h atroom temperature before being
quenched by the addition of MeOH (2 mL).

Samples for the polymerization of pyrrole involving PS-PAA block
copolymer were prepared by dissolving the polymer at the appropriate
concentration inN,N-dimethylacetamide and subsequently dialyzing
against water using tubular membranes. Stoichiometric amounts of
pyrrole were added, and the polymerization was carried out accordingly.

Analysis. Fourier Transformed Near-Infrared (FT-NIR) Spectro-
scopy.Solutions were degassed by purging nitrogen for 1 h. Monomer
conversions were determined via on-line Fourier transform near-infrared
(FT-NIR) spectroscopy by monitoring the decrease of the intensity of
the vinylic stretching overtone of the monomer atν ) 6150 cm-1. The
FT-NIR measurements were performed using a Bruker IFS66\S Fourier
transform spectrometer equipped with a tungsten halogen lamp, a CaF2

beam splitter, and a liquid nitrogen cooled InSb detector. Each spectrum
in the spectral region of 8000-4000 cm-1 was calculated from the
coadded interferograms of twelve scans with a resolution of 4 cm-1.
For conversion determination, a linear baseline was selected between
6260 and 6100 cm-1. The integrated absorbance between these two
points was subsequently used to calculate the monomer to polymer
conversion via Beer-Lambert’s law. It should be noted that other
integration methods such as using only the variation of the peak height
at 6150 cm-1 have been tested and yield identical results.

Size Exclusion Chromatography (SEC).Molecular weight distribu-
tions of polymers were determined by size exclusion chromatography
(SEC) using a Shimadzu modular system, comprising an autoinjector,
a Polymer Laboratories 5.0µm bead-size guard column (50× 7.5 mm),
followed by three linear PL columns (105, 104, and 103 Å) and a
differential refractive index detector. The eluent wasN,N-dimethyl-
acetamide (0.5% LiBr) at 40°C with a flow rate of 1 mL‚min-1. The
system was calibrated using narrow polystyrene standards ranging from
500 to 106 g‚mol-1.

Conductance Measurements.Direct conductance measurements were
performed using a DT83 digital multimeter, with an operating range
between 5× 10-3 and 5× 10-7Ω-1 and reported accuracy of(0.5%.
For all conductivity measurements, A/C distance was maintained at a
constant 15 mm.

Thermal GraVimetric Analysis (TGA).Thermal decomposition
properties of polymers were recorded using a Perkin-Elmer themo-
gravimetric analyzer (Pyris 1 TGA). Analyses were conducted over
the temperature range 30-500 °C with a programmed temperature
increment of 30°C/min.

Differential Scanning Calorimetery (DSC).Perkin-Elmer differential
scanning calorimeter (DSC 7) and thermal analysis controller (TAC
71DX) were used in conjunction to measure glass transition temper-

atures. Samples were analyzed in 50µL pans, over the temperature
range 35-200 °C with scanning rate of 30°C/min.

Dynamic Light Scattering (DLS).DLS experiments were performed
on a Brookhaven Zeta Plus laser light scattering spectrometer. All
measurements were recorded at 25°C, using an angle of 90° and
wavelength of 678.0 nm. ZetaPals particle sizing software (version 3.57)
was used to obtain the distributions of hydrodynamic diameterf(Dh)
for each set of measurements.

Transmission electron microscopy (TEM).The TEM micrographs
were obtained using a Hitachi H7000 transmission electron microscope.
The samples were prepared by casting a low-concentration solution of
water (1 g L-1) onto a copper grid. The solvent was allowed to
evaporate at room temperature. The samples were stained with OsO4.

Preparation of Honeycomb-Structured Porous Films.30 Casting of
polymer complexes was carried out at ambient temperatures, in a
humidified compartment of an enclosed Perspex box. Relative humidity
levels between 70% and 79% were maintained via a constant influx of
moist air through dual connector hoses located at the top and side of
the casting chamber, and buffered by an adjacent saline reservoir
containing dissolved Na2CO3 salts. A vacuum pump, capable of
supplying a maximum flow rate of 70 L/min, was used to pump air
through a two-stage water pass (∼3 L) and deliver a constant moist
airstream through both connector hoses. Polymer in carbon disulfide
(10 mg mL-1) was deposited (volumes: (i) 10µL; (ii) 0.5 mL) onto to
(i) glass slides or (ii) glass Petri dish, inside the casting chamber, using
a (i) micropipet or (ii) disposable plastic dropper. The top connector
hose inserted into an elongated slot immediately above the casting area
could be moved back and forth to achieve some degree of control over
the localized flow of moist air past the slides and the subsequent rate
of solvent volatilization. A more detailed description of the techniques
is available elsewhere.16,30

Cytotoxicity Testing.Samples for cytotoxicity testing were prepared
by casting a polymer solution from carbon disulfide or methylene
chloride according to the techniques described above into a Petri dish
with an area of 22 cm2. The dry samples were immersed in a 0.1%
solution of Deacon 90 in water and then washed with water. The
samples were sterilized using Co60 over 4 h.

Cytotoxicity of polymer films prepared was determined using a cell
growth inhibition assay with L929 mouse fibroblasts. Extraction of
polymer films was carried out by incubation in complete media (Eagle’s
Minimum Essential Medium+ 10% fetal bovine serum) at 37°C for
24 ( 2 h at a ratio of 0.2µL of medium per cm2 of polymer film.

Extracts from the films were applied to a subconfluent monolayer
of cells seeded 24 h earlier. The cells were then incubated for 48( 3
h at 37 °C. After this time, the cells were trypsinized, stained with
propidium iodide (PI), and subsequently analyzed for total live cell
counts with live/dead assay using a fluorescently activated cell sorter
(FACS). Fluorescent green beads (10µm diameter) were added to all
samples and were used as an internal counting reference. Inhibition
data were obtained by comparing the number of live cell counts of
experiment (PS-PPy films) to the control (tissue culture plastic) of
LIVE/LATEX/DEAD groups, from the dot-plot outputs, of flow
cytometry in WinMDI program.

Cell Growth Experiments.Cell adhesion and growth on porous
polymer films was assessed by fluorescent microscopy. L929 mouse
fibroblasts with a cell seeding density of 9500 cell per cm2 of polymer
film were used.

To assess cell attachment potential, 1.4 mL of cells with a
concentration of 50 000 cell/mL of medium was introduced onto
polymer film samples cast in 30-mm-diameter Petri dishes and
subsequently incubated at 37°C for 3 h, before an addition of 350µL
of the fluorescent stains dimethyloxardicarbocyanine iodide/propidium
iodide (DiOC2/PI) (5:1 v/v). Petri dishes were further incubated at 37
°C for 30 min for stain uptake, rinsed in Dulbecco’s phosphate buffered
saline (DPBS), and resubmerged in DPBS for microscopy analysis.
Cell numbers were assessed as an indication of initial adhesion using
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fluorescent microscopy before DPBS removal and an addition of
medium to reincubate for further cell growth.

To assess cell growth potential, further incubation of the above at
37 °C for up to 36 h was allowed, treated with DiOC2/PI, as mentioned,
and investigated for cell quantity at regular intervals, using fluorescent
microscopy analysis.

Results and Discussion

Synthesis of Polystyrene-block-Poly(acrylic acid) PS-b-
PAA. Polystyrene-block-poly(acrylic acid) was prepared in the
presence of a trithiocarbonate-based RAFT agent. The selected
RAFT agent, benzylsulfanylthiocarbonylsulfanyl propionic acid,
is known to be non-cytotoxic,24 and the RAFT polymerization
in the presence of trithiocarbonates reportedly proceeds without
any apparent retardation.31 Poly(acrylic acid) was successfully
prepared using trithiocarbonate-based RAFT agent.28 However,
earlier research, conducted on the synthesis of acrylic acid using
the RAFT polymerization process, has indicated that the
polymerization is sensitive to a number of conditions including
the nature and concentration of the employed transfer agent and
initiator, as well as the solvent used.26,28 In this work, we used
N,N-dimethylacetamide as solvent, since it is suitable for both
acrylic acid and the polystyrene macroRAFT agent. A range of
polystyrene macroRAFT agents varying in molecular weights
were used for chain extension with acrylic acid. The length of
the polystyrene block seems to have a significant influence on
the rate of polymerization of acrylic acid (Figure 1). Gravimetric
conversion determinations, as well as FT-NIR experiments,
confirm the retardation of the rate of polymerization with
increasing polystyrene block length (Figure 1). Since the
electronic structure of the RAFT groups does not change with
the size of the macroRAFT agent, the retardation observed can
only be attributed to an altered solution environment. Increased
viscosity, caused by an increased molecular weight, can decrease
the initiator efficiency, consequently inflicting a retardation of
the polymerization rate.32 A decreased accessibility of the
thiocarbonylthio endgroup can also be considered as a potential
source for the rate inhibition. With increasing length of the first
block, the endgroup is more and more buried within the chain.
At this stage, we can only speculate about the origin of this
retardation. It has to be noted that an opposite/contradicting

behavior has been observed with the rate of polymerization
increasing when the viscosity is increased.33

The living behavior of the polymerization was confirmed by
the linear molecular weight evolution with conversion. The
measured values deviate slightly from the expected molecular
weight, which can be attributed to the polystyrene calibration
of the SEC (Figure 2). However, the poly(acrylic acid) seems
to undergo a slight hybrid behavior, which is usually caused
by a slow initial transfer to the RAFT agent and can be identified
by a higher molecular weight than expected at low conversions.
The molecular weight obtained at high conversion is, in contrast,
slightly lower than predicted. This can be derived by the SEC
calibration and also to chain transfer occurring to the polymer
that has been observed earlier in the RAFT polymerization of
acrylic acid.28 However, the polydispersity index remains
constantly below 1.4, and broadening of the distribution is
absent.

Polymerization of Pyrrole Templated on Acrylic Acid. The
poor solubility of polyprrole is supposed to be derived not only
from the weak interactions of polypyrrol with the solvent but
also from the formation of cross-links in the 2,3-position.34 The
doping with bulky acidic groups or the introduction of functional
groups in the 3-position of pyrrol limits the contact between
the polymer chains.35 The interaction of pyrrole with acidic
groups results in a templating effect, which ensures the
alignment of polypyrrole.

The chemical oxidation to polypyrrole was carried out in
aqueous solution in the presence and absence of poly(acrylic
acid) using a range of ammonium persulfate APS [NH4]2SO5

concentrations. Freshly distilled pyrrole, water, and in some
cases poly(acrylic acid) were combined with APS added
instantly. The oxidative polymerization was accompanied by a
visible change in color. An initially colorless solution briefly
turned green and later dark green, indicating the formation of
dimers and oligomers. Depending on the concentrations of
pyrrole and oxidant used, the precipitation of a dark black solid
was observed, indicating the presence of cross-linked polyca-
tionic polypyrrole. In fact, polypyrrole doped with poly(acrylic
acid) was found to have a rather limited solubility, which may

Figure 1. Pseudo-first-order kinetic plot of the polymerization of
acrylic acid AA at 60 °C in N,N-dimethylacetamide in the presence
of the RAFT agent I (circle) and polystyrene macroRAFT agent with
molecular weights of 6000 (square) and 41 000 g mol-1 (triangle).
[AA]0 ) 2.36 mol‚L-1; [AIBN]0 ) 4.2 × 10-4 mol‚L-1; [RAFT] ) 4.2
× 10-3 mol‚L-1. Conversion was obtained via gravimetry (open
symbols) and FT-NIR (closed symbols).

Figure 2. Evolution of Mn and polydispersity index PDI vs conversion
x as obtained by SEC of the polymerization of acrylic acid at 60 °C
in N,N-dimethylacetamide in the presence of the RAFT agent I and
polystyrene macroRAFT agent of varying molecular weights. [AA]0
) 2.36 mol‚L-1; [AIBN]0 ) 4.2 × 10-4 mol‚L-1; [RAFT]) 4.2 × 10-3

mol‚L-1. The straight line indicates the theoretical molecular weight
development calculated from conversion according to Mn (theo) )
[M]/[RAFT] × x × MM + Mn (macroRAFT) with [M] and [RAFT]
representing the concentrations of the monomer and the thiocarbonyl
thio group, respectively; x is the monomer conversion; MM is the
molecular weight of the monomer.
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be indicative of an ineffectual templating. As a consequence,
pyrrole was stirred with acrylic acid for an extended period of
time (3 days) prior to the addition of ammonium persulfate to
allow the complete interaction between carboxy groups and
pyrrole. It was found that the solubility of polyprrole could be
enhanced by prolonging the time pyrrole and poly(acrylic acid)
were allowed to mix prior to the addition of APS. The reaction
was monitored by measuring the resistance of the solution and
the UV-vis spectra. Samples of the original solution were
diluted to a suitable concentration for UV spectroscopy after
certain time intervals. Initially, only an adsorption at 306 nm is
visible corresponding to theπ-π* transition of poly(acrylic
acid). With the addition of APS, an adsorption over the entire
UV-vis region emerges and increases with reaction time (Figure
3). A broad adsorption peak is visible at 440 nm associated
with valence to anti-bipolaren transition. The adsorption reaches
a maximum after a reaction time of about 2 h, followed by a
decline of the absorbance across all wavelengths. The precipita-
tion of conductive elements after a certain reaction time is
possibly derived by the formation of cross-linked products. The
occurrence of insoluble products after an extended reaction time
is in good agreement with the conductance measurement during
the course of the reaction. While the conductivity increases
significantly after the initial addition of APS, an increase in
resistance and therefore decrease of conductance was observed
after a certain reaction time with precipitated product appearing
on the electrode. (Figure 4). As a consequence, the polymeri-
zation was quenched with methanol after 1 h toprevent further
oxidation and subsequent cross-linking reaction. The quenched
product resulted in a black, stable solution, while the formation
of precipitate was absent. A control experiment carried out in
the absence of templating poly(acrylic acid) resulted in the
immediate precipitation of a black product, while the aqueous
solution, after filtration, was found to be only slightly colored.

The reaction was carried out with a range of ammonium
persulfate concentrations starting with a concentration of1/10

up to 1/4.5 of pyrrole concentration. The ratio between oxidant
and pyrrole can play a crucial role, since it has been reported
that a low oxidant concentration would result in incomplete
oxidation with a reduced amount of polaron structures, thus
lower conductivity. A high concentration of oxidant on the other
hand can allegedly result in the formation of cross-linked
products by additional 2,3-coupling.36 The APS concentrations

employed all resulted in the formation of products soluble in
aqueous solution after quenching with methanol after 1 h
reaction time. No clear correlation between solubility and APS
concentration was observed. The solutions could be distin-
guished by the increasing UV-vis adsorption with increasing
APS concentration, and a 50% increase in absorbance from the
lowest to the highest APS concentration were observed. The
absorbance can be directly correlated to the conductance of the
solution showing that a higher oxidant concentration indeed
leads to a higher conductivity due to the formation of better
conjugation.36 The correlation between oxidant and conductance
has been studied in detail elsewhere,36 while our focus in this
publication is the synthesis of soluble products, which can
undergo further processing.

Polymerization of Pyrrole on Self-Organized PS-b-PAA.
The polymerization of pyrrole templated on polymers or other
low molecular weight polymers is usually carried out in aqueous
solution, but also in acetonitrile. However, amphiphilic block
copolymers show only restricted solubility in these solvents,
while in good solvents such asN,N-dimethylacetamide, the
oxidation of pyrrole to polypyrrole is prevented. Pyrrole is
therefore adsorbed onto the block copolymer after self-organiza-
tion of PS-b-PAA in aqueous solution (Scheme 2). The oxidative
process can therefore be carried out under aqueous conditions,
which have been proven to be successful. The self-assembly of
amphiphilic copolymers in aqueous media can result in the
generation of a multitude of aggregate species with varying
morphologies. The PS-b-PAA system has already been inves-
tigated in detail, and it has been found that the precise
morphology depends on a combination of synergistic effects
including chain stretching in the core, interfacial energy between
the core and the corona, and intercorona chain repulsion.37,38

The relative block lengths of hydrophilic and lipophilic segments
can significantly influence these free energy contributions, and
it has been found that, in PS-b-PAA aqueous systems, increasing
the PS segment resulted in an increased core volume and hence
larger aggregate.37 In contrast, when the block length of PAA
segment was increased, interchain repulsions between shell
forming chains were augmented, resulting in an increase in
surface curvature and thus a decrease in the size of the aggregate
species formed. This behavior was also confirmed in our lab
(results not shown here) with the aggregates typically decreasing
in size with increasing size of the hydrophilic block. Typically,

Figure 3. UV-vis scanning kinetics experiment recorded every 5
min of the reaction of pyrrole (1.4 × 10-1 mol‚L-1) in water templated
on poly(acrylic acid) (Mn ) 32 000 g mol-1), oxidized with 1.4 × 10-2

mol‚L-1 APS. The spectra were recorded after dilution to 2.8 × 10-3

mol‚L-1 pyrrole. The inserted figure represents the absorbance as
measured at a wavelength of 440 nm.

Figure 4. Conductivity measurements (as expressed in resistance)
of the solution during the reaction of pyrrole (1.4 × 10-1 mol‚L-1) in
water templated on poly(acrylic acid) (Mn ) 32 000 g mol-1), oxidized
with 1.4 × 10-2 mol‚L-1 APS. The distance of the electrodes was 15
mm.
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when the PAA block was increased, a transition from vesicles
to rods to spheres was observed. These findings confirm an
earlier detailed report by Eisenberg et al.37,38Analogous to these

reports, we observed the formation of aggregates ranging
between 80 and 200 nm in aqueous solution using DLS with a
small fraction (<20%) of particles having sizes exceeding 300
nm (Figure 5a). TEM studies confirmed the formation of
micelles. Figure 6 shows a typical TEM photo of the particle
obtained confirming the presence of micelles. The self-as-
sembled block copolymer in water is then treated with stoichio-
metric amounts of pyrrole to acrylic acid units. Significant
changes of the hydrodynamic diameter with the addition of
pyrrole were usually not observed despite the adsorption of
pyrrole via hydrogen bonding (Figure 5b).

Upon oxidative polymerization of pyrrole, the hydrodynamic
diameter of the aggregate species initially decreases quite
substantially, as evidenced when APS was added to aqueous
solutions of PS240-b-PAA202/Py (Figure 5c). The change in
hydrodynamic diameter is equivalent to previous findings, which
suggests a transition of stretched to folded poly(acrylic acid)
chains.39 The oxidation reaction was monitored in situ, by
changes inDh using PS240-b-PAA200/Py or PS240-b-PAA175/Py
(Figure 7). The self-aggregate templated with pyrrole was
observed to decrease in size with increasing poly(acrylic acid)
length. With the addition of persulfate, a dramatic decline in
Dh upon polymerizaton of adsorbed pyrrole monomer indicates
that the poly(acrylic acid) corona of the micelle becomes
constricted by the parallel concatenation of pyrrole. Thus, the

Scheme 2: Schematic Drawing of Self-Assembled PS-b-PAA into a Micellar Structure in Aqueous Solution Followed by the Oxidation of
Adsorbed Pyrrole to Polypyrrole Accompanied by a Change in Diameter of the Micelle

Figure 5. Particle size distribution as obtained with dynamic light
scattering of aqueous solutions (1 mg mL-1) of PS240-PAA200 (a)
and the complexation with pyrrole to PS-(PAA-Py) (b) and the
oxidation to polypyrrole PS-(PAA-PPy) (c).

Figure 6. TEM photo of PS240-(PAA-PPy)200 obtained from an
aqueous solution.

Figure 7. Hydrodynamic diameter (Dh) vs time for the polymerization
of pyrrole on PS-b-PAA spherical micelles in aqueous solution (2.5 g
L-1) ([PS240-b-PAA200] ) 6.38 × 10-5 mol L-1, [Py] ) 0.0197 mol
L-1, and [APS] ) 9.90 × 10-4 mol L-1).
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conformation of the outer shell changes from one which is
relatively protracted and mobile to one which is quite folded
and constrained due to retractile forces incurred as a result of
the formation of new C-C bonds between pyrrole units.
Following the initial decline inDh, stable conformations were
reached, with mean diameters on the order of 50-60 nm. The
fast reduction of the diameter within the first 5 min is indicative
of rapid polymerization, confirming the results obtained with
conductance and UV spectroscopic measurements (Figure 3).
The significant scattering of the measured diameter is due to
the restricted measuring time of 2 min for each time interval.
While only the diameter of the smaller particle size is displayed
in Figure 7, a fraction of bigger aggregates is still present and
increases slightly in percentage (Figure 5c). However, it should
be noted that the scattering intensity is dependent on the particle
size; hence, Figure 5 overemphasizes the real amount of the
second population.

After purification using dialysis and a freeze-drying step, the
product obtained was a black solid with good solubility in a
range of organic solvents including chlorinated solvents, tet-
rahydrofuran, andN,N-dimethylacetamide. The SEC curves of
the product show a slight shift in molecular weight of the
product compared to the block copolymer used with the
molecular weight increasingMn ) 42 000 g mol-1 upon
adsorption of polypyrrole (Figure 8). This molecular weight
increase of 7000 g mol-1 corresponds to the amount of
polypyrrole that is now attached to the original block copolymer.
A small high molecular weight peak appears in the final
conducting product, indicative of either some intermolecular
cross-linking during the pyrrole oxidation or the formation of
strong aggregates in organic solvents.

The sizes of these inverse aggregates in organic solvents were
investigated by employing light scattering studies (Figure 9).
While PS-b-PAA block copolymers show typical broad distribu-
tions in methylene chloride with an average diameter varying
slightly with the block size (70-170 nm), the block copolymers
carrying polypyrrole display in all cases extremely narrowly
distributed aggregates having diameters of two to three times
the size of the original inverse structure. Additionally, the typical
increase in adsorption with the formation of polypyrrole over
the whole wavelength range in methylene chloride solution can
again be considered an indication for a conjugated system
(Figure 10).

In summary, conducting polymers showing good solubility
in a range of solvents ranging from halogenated solvents to
aqueous solutions were prepared by a templating technique,
while insoluble byproducts seemed to be either absent or
restricted. The good solubility now allows the versatile process-
ing into self-organizing structures.

Thermal Analysis. Further indication for the successful
complexation of polypyrrole onto poly(acrylic acid) might be
derived from the altered thermal behavior of these polymers.

DSC analyses of both homopolymer species, polystyrene and
poly(acrylic acid), show a glass transition endotherm close to
the expected values for PAA390, while for PS240, a slightly lower
than expected glass transition temperature of 77°C was recorded
(sample 2, Table 1). Since the glass transition temperature is
molecular-weight-dependent, a theoretical molecular weight for
polystyrene can be calculated using

with Tg
∞ being the glass transition temperature at infinite

molecular weight. The glass transition temperature for PS with
a molecular weight of 25 000 g‚mol-1 is approximately 92°C,
which is significantly higher than that obtained, suggesting that
the RAFT acid endgroup may play a role in enhancing chain

Figure 8. SEC curve in N,N-dimethylacetamide of PS-b-PAA (bold
line) and the corresponding polypyrrole-based block copolymer PS-
b-(PAA-PPy).

Figure 9. Hydrodynamic diameter Dh in methylene chloride of PS440-
b-PAA300 and the corresponding polypyrrole-based block copolymer
PS440-b-(PAA-PPy)300 (c ) 0.5 mg mL-1).

Figure 10. UV spectra in methylene chloride of PS440-b-PAA300 and
the corresponding polypyrrole-based block copolymer PS440-b-(PAA-
PPy)300 (c ) 0.5 mg mL-1).

Tg ) Tg
∞ - 2 × 105

Mn
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end mobility, thus lowering the observedTg. When PS was chain
extended with PAA, the glass transition temperature of PS
changed very little, as expected for the generation of an
amphiphilic block copolymer. Both glass transition temperatures
indicate the complete phase separation as expected for incom-
patible blocks. However, when PAA was used as a dopant in
the polymerization of Py (sample 5, Table 1), a glass transition
temperature of 132°C was observed, which is almost precisely
between those for PAA (106°C) and PPy (165°C) (literature
value40). This result seems indicative of some type of strong
coordination between acid groups and PPy substituents, resulting
in miscible polymeric chains bound by strong electrostatic forces
behaving as a single species, thus exhibiting a singleTg between
that of the two homopolymers. When the block copolymer
species, PS240-b-PAA230, was used as a template for the oxidative
polymerization of pyrrole, a complex system was formed, as
indicated by the significant rise inTg of PS by∼22 °C from 77
to 99 °C (samples 3 and 6 in Table 1), associated with the
stiffening and reinforcement of PAA blocks via coordination
with PPy, thus greatly limiting chain flexibility of the block
segment and the copolymer itself. The glass transition temper-
ature for the PAA-PPy block remains unaffected, indicating
the phase separation of the polystyrene block and the PAA-
PPy segment.

The polystyrene macroRAFT agent exhibited a single well-
defined decomposition curve at∼386°C, associated with chain
fragmentation and generation of monomer, dimer, trimer, and
tetramer species, as well as small amounts of toluene and carbon
monoxide (Figure 11).40 When chain-extended with poly(acrylic
acid), the decomposition temperature of polystyrene rose
significantly to∼425°C, denoting improved stability, possibly

as a result of the replacement of the thiocarbonyl thio endgroup
by the poly(acrylic acid) block. A similar trend was also
observed for PAA, which exhibited both primary and secondary
decomposition curves at∼190 and∼385 °C, related to the
formation of chain fragments from monomers to octomers and
small gaseous molecules, such as COx, H2O, CH4, alkenes, and
ketones, respectively. When copolymerized with PS, primary
and secondary decomposition curves for PAA were shifted to
slightly higher temperatures, with the secondary curve overlay-
ing that of PS at∼425 °C (as determined by the reduction in
weight percent and relative block ratios of the copolymer
substitutents).

Conductive polypyrrole was found to decompose at ap-
proximately 240°C, which is slightly lower than pristine
polypyrrole, which has been reported in the range 280-300
°C 40 (Figure 11). This discrepancy may possibly be due to the
presence of polaron and bipolaron structures, which may have
a net destabilizing effect. When PAA- was used as the dopant,
a broad decline in weight percent was observed within the span
of approximately 60-330 °C, encompassing the primary
decompositions of both PPy and PAA, respectively. The
complex of the block copolymer with polypyrrole exhibited two
thermal decomposition peaks at∼242 and∼390°C, resembling
a superposition of respective component profiles. It appears that
the complexation has a negative effect on the stability of the
block copolymer.

Self-Organization into Honeycomb-Structured Porous
Films. When certain polymers are cast from a highly volatile
solvent, such as carbon disulfide (CS2), chloroform (CH3Cl),
or benzene, the solvent quickly vaporizes, resulting in rapid
cooling of the polymer solution.16,17,41Under humid conditions,
water droplets condense onto the cold polymer solution, and
since the subphase of the solvent is mobile, the droplets can
assemble into a close packing arrangement to form stable,
regular, hexagonal arrays, so-called breath figures.42 The
polymer precipitates from solution at the interface of these
assembled water droplets, creating a solid polymer layer which
ultimately encapsulates the isolated water droplets.41 A descrip-
tive scheme of this process is available elsewhere.16 A range of
polymers have been reported to form honeycomb-structured
porous films,16 but it is still not known what the prerequisites
for the successful film formations are.33 Regular arrays have
been prepared using light-emitting,43 semiconducting,10 or
biocompatible44 polymers. Even highly stable films prepared
from polyimides45 or films with incorporated CdSe nanopar-
ticles46 were obtained. Honeycomb-structured porous films are
also known to show interesting properties such as the lotus
effect.47 This bottom-up approach to the synthesis of regular
porous films can be advantageous over top-down techniques
such as lithography because of reduced costs. Furthermore, the
versatility of this process allows the preparation of films with
a range of pore sizes.16

The application of these films as a scaffold for cell growth
has been tested using cardiac myocytes45 and other cells.48-50

Honeycomb-structured porous film can be considered a suitable
tool to study the effect of surface and pore size on the attachment
of cells because of the narrow pore size distribution.

The block copolymer PS-b-(PAA-PPy) is an amphiphilic
block copolymer with the polypyrrole-templated poly(acrylic
acid) block showing good solubility in water. We expect
therefore the formation of inverse aggregates with a polypyrrole
core, as discussed above. During the casting process, the
amphiphilic block copolymer can either rearrange around the
water droplets or solubilize water in the core of the inverse

Table 1: Glass Transition Temperatures Measured at a Heating
Rate of 30 K min-1

sample sample number Tg/°C

PAA390 1 102 (106)a

PS240 2 77 (100)
PS240-b-PAA230 3 75 (100)

110 (106)
PPy 4 (165)
PAA390-PPy 5 132
PS240-b-(PAA-PPy)230 6 99

135

a Values in brackets correspond to literature values as reported in ref
40.

Figure 11. Thermal decomposition temperatures for homo- and
diblock polymers and complexes. The numbers correspond to the
samples in Table 1.
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structure. It was confirmed in earlier studies that the polymer
interacts with the water droplet during the casting process,
forming films with suborder meaning an enriched amount of
hydrophilic groups within the pores.51,52However, this interac-
tion prevents the essential precipitation of the polymer around
the water droplet; hence, the encapsulating polymer layer is
diminished. When casting PS-b-(PAA-PPy) a decreased regu-
larity of the porous array with increasing hydrophilic block size
was observed (Figure 12). Increasing hydrophilic block sizes
delay the precipitation, confirming results obtained earlier.51 A
detailed analysis of honeycomb structures reveals that small
pores ranging in the nanosize appear next to micron-sized pores,
probably due to the formation of water-swollen inverse ag-
gregates. A detailed investigation of the correlation between
the block size of the amphiphilic block copolymer and the
casting outcome such as pore size, regularity, and substructure
is the subject of a forthcoming paper. Casting conditions were
found to have a profound influence on the final result. Methylene
chloride as solvent did not lead to films with any regularity.
Even variations in concentration of the casting solution did not
improve the outcome substantially. Carbon disulfide was found
to be the better choice with concentration of the casting solution
of 10 g L-1 resulting in regular films as long as the block
copolymer is composed of a polystyrene block bigger than the
hydrophilic block (Figure 12).

Cytotoxicity. Cell growth inhibition data (Figure 13) on the
cytotoxicity test of various block copolymer PS-b-(PAA-PPy)
with varying PAA-PPy sizes, at a level of 30% inhibition
compared to tissue culture polystyrene controls, indicate that
only 34W exhibited an inhibitory response greater than 30%,
while 36W fell close to the 30% threshold. The samples cast
on polypropylene disks all seem to encounter slightly higher

cytotoxicity than the samples cast on a glass Petri dish. A likely
reason might be the leaching of some toxic additives from the
polypropylene material. All other samples exhibited little or no
inhibition of cell growth, indicating that block copolymer PS-
b-(PAA-PPy) is reasonably non-cytotoxic and biocompatible
for cell culture.

Cell Attachment and Cell Growth. Attachment and growth
of cells on two PS-b-(PAA-PPy) porous films prepared from
two different block copolymers (PS440-b-(PAA-PPy)65, PS240-
b-(PAA-PPy)230), in comparison to a flat-bottomed PS tissue
culture well and a PS-b-PPy thin nonporous film, were
investigated. It was found that both honeycomb-structured

Figure 12. Optical micrographs of (A,B) PS240-b-P(AA-PPy)200 and (C) PS440-P(AA-Py)300, and scanning electron micrographs of (D,E)
PS240-b-P(AA-PPy)200 and (F) PS440-P(AA-Py)300 of honeycomb-structured porous films.

Figure 13. Cell growth inhibition of fibroblast cells on honeycomb-
structured porous films prepared from PS440-P(AA-Py)300 (15),
PS240-P(AA-Py)175 (34), PS240-P(AA-Py)230 (35), and PS240-
P(AA-Py)200 (36) cast on glass Petri dish (D) or polypropylene disk
(W).
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porous films attach cells equally well at approximately 45% of
the PS culture well, while no attachment was found on flat PS-
b-PPy film (Table 2). It is believed that an increase in surface
area of substrate, regardless of pore size, via a honeycomb-
structured surface polymer films, assist and enhance cell contact,
improving adhesion of cells onto the polymer substrate. Cell
growth after 24 h on a film prepared from PS240-b-(PAA-
PPy)230 with a pore size smaller than 1µm was found to in-
crease comparably (2.7×) to a flat-bottomed PS tissue cul
ture well, (Table 2, Figure 15), while PS450-b-(PAA-PPy)65

with a lesser PPy block ratio and larger pores (>1 µm) was
found to proliferate insignificantly (1.1×) (Table 2, Figure 14).
These indicate that, although both block polymers have sim-
ilar cell attachment characteristics, proliferation of cells
are however superior when the block ratios are approximately
equal and in smaller pores of honeycomb-structured porous
films.

Conclusion

RAFT polymerization was found to be a versatile technique
to generate polystyrene-poly(acrylic acid) block copolymers
with a range of block sizes. The resulting amphiphilic block
copolymers undergo self-organization in water leading to
micellar structures. Pyrrole was templated along the poly(acrylic
acid) block. The subsequent oxidation to polypyrrole resulted
in the formation of conducting aggregates, which show good
solubility in water as well as in organic solvent. The polymers
can therefore be processed into honeycomb-structured porous
films. Prior to the investigation of these films as a scaffold for
cell growth, the polymer was tested regarding its toxicity
showing that the cell-growth inhibition is negligible. The
porosity of these films was shown to influence the cell

Figure 14. Fibroblast attachment on honeycomb-structured porous
films, PS440-b-P(AA-PPy)65 with pore sizes between 1 and 2 µm after
3 and 24 h.

Table 2: Attached Fibroblast Cells L929 on a Polystyrene Dish,
on a Flat Nonporous Film, and on Honeycomb-Structured Porous
Films with Different Pore Sizes

sample structure
3 h

(cell/cm2)
24 h

(cell/cm2)
growth

(X)

PS flat film 9800 24 400 3

PS440-b-(PAA-PPy)65 flat film 0 0 0

PS440-b-(PAA-PPy)65 pores > 1 µm 4333 4800 1.108

PS240-b-(PAA-PPy)230 pores < 1 µm 4433 12 100 2.729

Figure 15. Fibroblast attachment on honeycomb-structured porous
films, PS240-b-P(AA-PPy)230 with pore sizes below 1 µm after 3 and
24 h. The lower picture shows the honeycomb-structured porous films
as well as the attached cells.
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attachment and growth of fibroblast cells. Smaller pore sizes
were observed to enhance cell attachment.
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