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Luminescent core-shell particles were prepared by the layer-by-layer deposition of polystyrenesulfonate
(PSS) and water-soluble ionene precursor polymers containing fluorene units (PI) onto spherical colloidal
particles. Subsequent cross-linking of the PI in the multilayer shell formed the luminescent conjugated
oligo-fluorenes. In a further step, removal of the PI/PSS multilayer coated core yielded luminescent hollow
capsules. The formation, characterization, and properties of the PI/PSS-coated colloids and PI/PSS hollow
capsules have been investigated by electrophoresis (EPM), single particle light scattering (SPLS),
transmission electron microscopy (TEM), atomic force microscopy (AFM), and cyclic voltammetry (CV).
EPM and SPLS measurements confirmed the regular deposition of PI/PSS multilayers on the particles,
while TEM and AFM demonstrated the formation of hollow capsules composed of PI/PSS multilayers. CV
experiments verified cross-linking of the multilayers, which showed an irreversible oxidation process. The
procedure employed permits the incorporation of luminescent polymer materials into cross-linked multilayer
shells on high surface area colloidal particles and the preparation of luminescent free-standing, three-
dimensional hollow capsules after core removal.

Introduction
The fabrication of ultrathin molecular films by the

alternate electrostatic adsorption (or layer-by-layer, LbL)
of oppositely charged polyelectrolytes from aqueous solu-
tion onto solid surfaces was introduced by Decher and
co-workers intheearly1990s.1,2 Thisprocess isparticularly
attractive because it is simple to implement, is versatile,
and applies to a broad range of charged species (e.g.,
polyelectrolytes, nanoparticles, proteins, etc.). The LbL
technique has recently been applied to construct multi-
layer shells on colloid particles: classical polyelectrolyte,3

protein/polyelectrolyte,4 and nanoparticle/polyelectro-
lyte5,6 multilayers have been prepared.

The LbL molecular-level manipulation of water-soluble
conjugated polymers (e.g., polyaniline, sulfonated poly-
aniline, poly(thiophene-3-acetic acid)) has been utilized
to fabricate ultrathin multilayer films.7 These materials
have interesting electrical and optical properties mainly
due to their intrinsic π-electron delocalization and charge
carrier mobilities.8 The conjugated and luminescent
polymer, poly(p-phenylenevinylene) (PPV) has been de-

posited as LbL films via the polycation precursor route.9,10

These multilayers have been investigated for use as light-
emittingdevicesandhaveshownstableandefficientdevice
performance. Ionene polymers are polyelectrolytes with
a charge group (commonly positive) at the main chain.11

The LbL deposition of ionene-type polycations has been
investigated more recently by Laschewsky and co-work-
ers.12 The influence of ionic strength, charge density, and
functionality (e.g., the nonlinear dyes) of the polyionene
on the formation of LbL films were examined.12

Not only would the formation of luminescent multilayers
on colloid particles represent an interesting extension to
the type of particles prepared using this approach, but
also they are expected to be of significant interest in
various optical and electronic applications. This includes
luminescent colloidal particles for passive matrix displays,
light-emitting electrochemical cells, patterned lumines-
cent colloidal particles on surfaces, and so forth. They
would also exhibit considerably larger surface areas
compared to their planar support counterparts. Further-
more, cross-linked multilayers could potentially display
enhanced stability compared with LbL ionically assembled
films.13

In this paper, we report the preparation of luminescent
polyelectrolyte-coated particles and hollow capsules
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through the LbL assembly technique onto colloid particles
and subsequent core removal. A suitable system for this
purpose was the recently synthesized water-soluble poly-
ionene (PI) “precursor polymer” that contains fluorene
units in the side chain (Figure 1).14 This precursor polymer
concept involves the attachment and cross-linking of an
electropolymerizable or oxidizable side group with a
distinct polymer backbone, in this case, a polyelectrolyte.
LbL deposition was achieved by pairing PI with poly-
(sodium 4-styrenesulfonate) (PSS). The pendant fluorene
units of the precursor polymer could be converted to a
conjugated oligo-fluorene by oxidation with anhydrous
iron(III) chloride (Figure 2). By use of this reaction, the
cross-linking of the precursor fluorene layers within the
multilayer shells was accomplished. The colloid entities,
both solid and hollow, have been characterized by elec-
trophoresis, single particle light scattering, transmission
electron microscopy, and atomic force microscopy. The
electrochemical behavior of the PI/PSS multilayers has
been examined by cyclic voltammetry.

Experimental Section
Materials. The polyionene was synthesized using the pro-

cedure described elsewhere.14 Poly(diallyldimethylammonium
chloride) (PDADMAC), Mw < 200 000, and poly(sodium 4-sty-
renesulfonate) (PSS), Mw 70 000, were used without further
purification (from Aldrich Chemical Co.). The negatively charged
sulfonate-stabilized polystyrene (PS) particles (diameter of 640
nm) were prepared as previously described.15 The positively
charged, weakly cross-linked melamine formaldehyde (MF)
particles (diameter of ca. 2.3 µm) were purchased from Micro-
particles GmbH, Berlin. Acetonitrile (CH3CN) and sodium
chloride were obtained from Merck, and iron(III) chloride (FeCl3)
was purchased from Aldrich. The water used in all experiments
was prepared in a three-stage Millipore Milli-Q Plus purification
system and had a resistivity higher than 18.2 MΩ cm.

Polymer Multilayer Assembly on Colloids. A precursor
polyelectrolyte multilayer film was first deposited on the PS
particles as described elsewhere.5 A 2-layer polyelectrolyte film
[PDADMAC/PSS] was deposited on the PS particles, and a 3-layer
polyelectrolyte film [PSS/PDADMAC/PSS] was deposited on the
MF particles. The PI/PSS multilayers were fabricated by (a) the
addition of 1 mL of a 1 mg/mL aqueous PI solution (containing
0.5 M NaCl) to the polyelectrolyte-coated particles, allowing 15
min for PI adsorption, (b) removal of excess PI by four repeated
centrifugation (10 000g, 15 min for PS latices; 3000g, 3 min for
MF particles)/water wash/redispersion cycles, and (c) subsequent
deposition of PSS (1 mg/mL solution containing 0.5 M NaCl) in
identical fashion. The desired number of PI/PSS multilayers was
assembled by the repeated consecutive assembly of PI and PSS
using this method.

Cross-Linking of the PI Layers. For the cross-linking
reaction, water was exchanged for acetonitrile by centrifuging,
removing the supernatant, and redispersing the coated particles
in 1 mL of acetonitrile. To ensure complete exchange of solvents,
this process was repeated five times. The polyelectrolyte-coated
particles in acetonitrile were transferred into a round-bottomed
flask, followed by the addition of an excess amount (>4-fold) of
iron(III) chloride to the solution and stirring at room temperature
for 48 h under N2. The polyelectrolyte-coated particles were then
washed with acetonitrile to remove the trace ions.

For electrochemical studies, the cross-linked PI/PSS (9 layers,
PI outer layer) colloid particles were deposited onto ITO glass.
A negatively charged ITO surface was prepared by coating with
3-aminopropyltrimethoxysilane (Aldrich), followed by PSS ad-
sorption.

Hollow Capsule Production. For the production of hollow
capsules from polyelectrolyte-coated MF particles (before and
after the cross-linking reaction), 0.2 mL of the coated MF particles
were exposed to 1 mL of HCl at pH ) 1 for 10 min. The capsules
were then centrifuged at 10 000g for 15 min and redispersed in
water, and the supernatant was exchanged for pure water. The
acid treatment and water washing steps were repeated a further
two times.

Characterization. Electrophoretic mobilities of the coated
PS lattices were measured using a Malvern Zetasizer 4. The
mobility u was converted into a ú-potential by using the
Smoluchowski relation ú ) uη/ε, where η and ε are the viscosity
and permittivity of the solution, respectively. All ú-potential
measurements were performed on coated PS particles redispersed
in air-equilibrated pure water (pH ≈ 5.6). Single particle light
scattering (SPLS) measurements were performed using a home-
built instrument. Details of the SPLS experimental system and
principle of measurement have been described elsewhere.16 UV-
vis absorption spectra were recorded by using a Perkin-Elmer
Lambda 20 spectrophotometer, and photoluminescence spectra
were obtained by using a Perkin-Elmer LS50B spectrometer.
Transmission electron microscopy (TEM) measurements were
performed on a Zeiss EM 912 Omega instrument. Samples for
TEM were prepared by depositing an aqueous solution of the
coated PS particles on a carbon-coated copper grid. The solution
was then allowed to air-dry for 1 min, and the extra solution was
blotted off. AFM was done using a Molecular Imaging Instrument
(PicoScan). Cyclic voltammetry measurements were performed
with an Amel 2049 potentiostat and Power Lab system with a
three-electrode cell in a solution of 0.1 M tetrabutylammonium
hexafluorophosphate (TBAH) in acetonitrile at a scan rate of
100 mV/s. Platinum wire was used as the counter electrode, and
Ag/Ag+ was used as the reference electrode.

Results and Discussion
The assembly of PI/PSS multilayers on the PS particles

was first examined by electrophoresis. Figure 3 shows
the ú-potential values as a function of polyelectrolyte layer
number for the negatively charged PS particles coated
with PI/PSS multilayers. The uncoated PS particles gave
a ú-potential of about -65 mV in water (data not shown).
After the formation of precursor layers (2 layers of
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Figure1. Chemical structures of PI and PSS polymer materials
used for the fabrication.

Figure 2. Cross-linking of fluorene in PI showing the formation
of oligo-polyfluorene units with higher conjugation length
sequences.
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[PDADMAC/PSS], marked as layer number 0 in Figure
3) onto PS particles, the measured ú-potential is -55 mV,
a value consistent with the outermost layer being a
polyanion. The subsequent alternate assembly of PI and
PSS caused a reversal in the sign of the ú-potential with
each deposition up to 10 layers. When PI is the outermost
layer, the ú-potential of the coated particles is about +30
to +40 mV. This shows that PI acts as a polycation due
to the positive charge in the ionene polymer backbone.
The alternating negative and positive ú-potentials suggest
stepwise growth of the multilayer films.3-5

To determine the thickness of the PI/PSS multilayers
assembled onto the PS particles, SPLS measurements
were performed. The average thickness of the layers was
calculated by using the Rayleigh-Debye-Gans theory17

and a refractive index value of 1.4718 for the PI/PSS layers.
Figure 4 shows the layer thickness as a function of the
number of deposited layers (up to 6 layers). The layer
thickness increases regularly with the number of layers
deposited. The calculated average thickness of the PI/
PSS layer pair is 10 ( 1 nm. Furthermore, the first PI
layer (about 8 nm) is much thicker than the next PSS
layer (about 3 nm). These values are larger than the

average thickness (4.4 ( 0.5 nm) of a PI/PSS bilayer based
onellipsometricmeasurements forPI/PSSmultilayer films
in air on silicon substrates under the same ionic strength
conditions (0.5 M NaCl) (unpublished data). This is
consistent with the fact that SPLS measurements were
made on solutions, a “wet method” in which swelling of
the films by the solvent and ionic interaction can give
higher thickness values compared to a flat substrate and
“dry method” using ellipsometry. This may also suggest
that on the colloid particle surface, the fluorene units of
the PI could be aggregated as shown by the fluorescence
data (discussed later).19

The morphology of the PI/PSS-coated PS particles was
examined using TEM. Figure 5a shows the TEM micro-
graph of [(PI/PSS)4/PI] (9-layer) coated PS particles. A
regular coating of the particle surface is seen. The presence
of PI/PSS multilayers on PS particles produces an increase
in surface roughness as well as an increase in the diameter
of the PI/PSS-coated PS spheres compared with uncoated
PS particles (data not shown). The average diameter of
the PI/PSS 9-layer coated particles is approximately 740
( 10 nm, corresponding to a thickness of between 40 and
50 nm for the multilayers, or about an average of 10 nm
per bilayer. (The diameter of uncoated PS particles with
the precursor polymer layer is ∼650 nm.) These data are
in agreement with the calculated thickness from the SPLS
measurements.

To produce polyelectrolyte hollow capsules, weakly
cross-linked MF particles were employed as templates.
After deposition of the desired number of layers, the core
(MF) was removed by dissolution at pH ) 1. The PI/PSS
capsules were characterized using TEM and AFM. TEM
and AFM images of [(PI/PSS)4/PI] (9-layer) hollow capsules
are shown in (b) and (c) of Figure 5. Folds, creases, and
flattening of the hollow capsules were observed: these
result from the drying procedure prior to the measure-
ments. Some remaining MF can be seen inside the
capsules. The height (twice the wall thickness) of the
capsule in the AFM image (Figure 5c) ranges from 90 to
200 nm. The former value corresponds to the minimum
thickness of the capsule wall, about 45 nm, which is
consistent with the SPLS and TEM results, that is, 10 nm
per bilayer.

The cross-linking of fluorene within the PI/PSS mul-
tilayers on the coated PS particles results in the formation
of oligo-fluorene. We chose acetonitrile as the reaction
solvent because it is easily exchanged with water. It is
also the typical solvent for the oxidation process. After
the [(PI/PSS)4/PI] (9-layer) coated PS spheres were
repeatedly exposed (at least six times) to acetonitrile, the
FeCl3 was added as the oxidizing agent. The reaction was
continued for 48 h under nitrogen. Figure 6 shows the
photoluminescence spectra of PI/PSS multilayers on PS
spheres in water before and after cross-linking of the
fluorene unit. Prior to cross-linking, three emission bands
were observed. Two peaks at 310 and 320 nm are the
normally observed fluorene peaks and correspond to those
of PI in solution.14 The broad emission band at about 350-
450 nm is attributed to a lower energy excitonic peak due
to aggregation of fluorene in PI.19 After cross-linking, the
peaks at 310 and 320 nm almost completely disappeared
while a new broad emission peak was observed between
380 and 500 nm, centered at 422 nm. This spectrum is
typical for the emission of oligo-fluorenes and has been
studied intensively by the Miller group.20 According to
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Figure 3. ú-Potential as a function of polyelectrolyte layer
number for (PI/PSS)-coated 640 nm PS spheres. The PS particles
were precoated with PDADMAC/PSS layers prior to deposition
of the first layer. The even layer numbers correspond to PSS
adsorption, and the odd layer numbers to PI deposition.

Figure 4. Layer thickness of the PI/PSS-coated PS particles
as a function of the number of deposited layers, as determined
by SPLS.
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their study, the conjugation length of oligo-fluorene after
cross-linking can be determined with a peak at 422 nm
corresponding to four oligomer units. The fact that a wide
band was obtained indicates the varying degrees of cross-
linking or distribution of oligofluorene units within the
particle surface.

After the cross-linking, some aggregation of the PI/PSS-
coated PS particles was observed by TEM. This may be
due to the inter-cross-linking of the coated particles with
each other and the effect of exchanging solvent for the
cross-linking reaction (water-acetonitrile-water). How-
ever, no significant changes in the morphology of the
hollow capsules, as examined by TEM and AFM, were

observed as a result of cross-linking. The hollow capsules
could also be successfully produced when the core was
removed after cross-linking of PI/PSS multilayer coated
PS particles. Studies are being made to compare the
differences in the order of core removal and cross-linking.

Cyclic voltammetry (CV) was employed to obtain further
evidence of the cross-linked PI/PSS multilayers on the PS
particles as well as to investigate the electrochemical
behavior of the multilayers. A negatively charged ITO-
coated glass slide, used as the substrate, was dipped into
a PI/PSS coated particle dispersion for 15 min and then
dried with nitrogen. The substrate was additionally dried
in a 100 °C conventional oven to remove excess water. As
the reference, the CV was measured with Ag/Ag+ in a
solution of TBAH (0.1 M) in acetonitrile at a scan rate of
100 mV/s. Figure 7 shows CV of [(PI/PSS)4/PI]-coated PS
particles in acetonitrile. The measured oxidation onset
potential is 1.1 V versus Ag/Ag+. This corresponds to the
oxidation of the polyfluorene unit and is consistent with
our results using chemical oxidation.21 The PI/PSS mul-
tilayer coated PS particles showed an irreversible oxida-
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Figure 5. (a) TEM image of a [(PI/PSS)4/PI]-coated PS particle.
The PS particles used as templates have a diameter of 640 nm.
(b) TEM and (c) AFM images of hollow [(PI/PSS)4/PI] capsules,
obtained after decomposition of the MF template (diameter of
2.3 µm). The outermost layer is PI.

Figure 6. Photoluminescence spectra of PI/PSS multilayers
(the outer layer is PI) on PS spheres of 640 nm diameter in
water before (dotted spectrum) and after cross-linking of the
fluorene (solid spectrum). The excitation wavelength was 290
nm.

Figure 7. Cyclic voltammogram of [(PI/PSS)4/PI]-coated PS
particles on an ITO substrate. The potential scan rate was 100
mV/s.
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tion process indicating the consumption of the fluorene
units to form oligo-fluorenes.

Conclusions
Luminescent core-shell particles have been fabricated

by the layer-by-layer deposition of PSS and an ionene
polymer containing fluorene units onto colloid particles.
It has been demonstrated that the water-soluble ionene
polymer that has fluorene side groups can be deposited
and subsequently cross-linked into luminescent conju-
gatedoligo-fluorene.Photoluminescencespectraconfirmed
the formation of luminescent particles. Furthermore,
hollow capsules comprising PI/PSS multilayers could also

be produced by decomposition of the core from PI/PSS-
coated MF particles before and after the cross-linking.
Further studies will focus on the quantum efficiency, cross-
linking efficiency, and luminescent properties of the
particles.
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