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oxide (ITO) as a potential transparent conducting material. In
addition, CPPy nanoparticles could be applied as an anodic
material in lithium-ion batteries because of their high
conductivity and large surface area.

We have demonstrated a surfactant-mediated methodology
for the synthesis of 2 nm spherical PPy nanoparticles. The
carbonized PPy nanoparticles can be used as a highly trans-
parent conductive material, which may possibly be a sub-
stitute for carbon nanofibers. Importantly, low-temperature
microemulsion polymerization may provide a facile way to
synthesize new polymer nanoparticles, and might be expand-
ed to allow the fabrication of ultrafine metallic and inorganic
particles, which embraces the concept of “nanoreactors”.

Experimental Section

A variable amount of surfactant was magnetically stirred in distilled water
(40 mL) at 3°C. Pyrrole monomer (1.0 g, 14.9 mmol) was added dropwise
to the surfactant solution, and iron(III) chloride hexahydrate (9.25g,
34.3 mmol), dissolved in distilled water (5mL), was added to the
surfactant/pyrrole solution. Microemulsion polymerization proceeded
while stirring for 3h at 3°C. The reaction product was placed in a
separating funnel and excess methanol was added to remove the surfactants
and the residual iron(III) chloride. The upper layer was discarded and the
remaining nanoparticle precipitate was dried in a vacuum oven at room
temperature.

The PPy nanoparticles were placed in a quartz tube in a furnace under N,
atmosphere. The sample was heated to 800°C at a heating rate of
3°Cmin~, held at 800°C for 5 h, and then cooled to room temperature.

PPy nanoparticles and PC were combined in THF. The mixed solution was
spin-coated onto a glass slide using a PWM32 spinner (Headway Research,
Inc.). Transparency of the films was measured with a UV/Vis spectrometer
and the conductivity was determined by the van der Pauw method. As-
prepared (AP)-grade CNs were purchased from Aldrich. PC/CN and PC/
CPPy films were prepared by the same method. Film thicknesses were
estimated with an Alpha-Step 500 surface profiler (Tencor). All films were
approximately 270 nm thick, the growth being controlled by changing the
spinning speed. TEM images were taken by a JEOL 2010 high-resolution
microscope and EDAX analysis was carried out using a Philips CM 20
microscope.
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Novel Capsules with High Stability and
Controlled Permeability by Hierarchic
Templating™**

Zhifei Dai, Lars Dihne,* Helmuth Mohwald, and
Brigitte Tiersch

Hollow capsules with high stability and controllable
permeability have very interesting actual and potential
applications, for example, as constrained environments for
the preparation of nanostructured materials, the encapsula-
tion of guest molecules, drug delivery, catalysis, and as host
containers for nucleic acid storage and transport.[2 However,
deformation and rupture of hollow capsules under shear stress
may limit these applications. The stability can be increased
slightly by deposition of additional layers, but the perme-
ability decreases simultaneously. While the loading has to be
fast and the release slow in most applications, the perme-
ability of the capsules has to be tuned according to the specific
application.P! Therefore, it is desirable to develop a simple
and reliable method to fabricate capsules with high stability
and the desired permeability. A combination of tailorable and
tunable silica nanoparticles with layer-by-layer (LbL) self-
assembly provides a powerful tool for the creation of
exciting nanostructured systems. Silica is extremely well-
suited to this purpose since well-defined particles can be
prepared. Since silica is itself charged, it can be assembled
with cationic polyelectrolytes, and the chemistry to dissolve it
without affecting the chemical composition of the organic film
components is already well established.

Here we make use of these features to prepare capsule walls
of defined porosity after removal of SiO, (Figure 1, left) or
sphere-in-sphere (SiS) structures, again after removal of SiO,,
that is sandwiched in high concentration between two
indestructible walls (Figure 1, right). Similar structures can
be found in nature, for example, gram-negative bacteria
possess two cell walls which are separated by an aqueous
phase.’! To prepare nanoporous shells (NPS) we have used
SiO, covered by polyallylamine hydrochloride (PAH@silica)
as the cationic polyelectrolyte and polystyrene sulfonic acid
(PSS) as the anionic polyelectrolyte and deposited multilayers
of these by consecutive alternating adsorption on melamine
formaldehyde particles (MF). The MF core is then removed
by treatment with HCI, and the SiO, dissolved with HF. To
form SiS shells, multilayers of PSS and PAH (2-3 double
layers) are adsorbed alternately, followed by a variable
number of silica and PAH layers (1-3 double layers) and
then PSS and PAH to build-up a nondestuctable outer shell.
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Figure 1. General procedure for the preparation of hollow capsules
possessing nanopores and sphere-in-sphere shells.

To distinguish the inner and outer shells by optical spectro-
scopy we partly coadsorb PAH labeled with fluorescein
isothiocyanate (PAH-FITC, green fluorescence) to the inner
shell and PAH labeled with rhodamine B (PAH-RhB, red
fluorescence) to the outer shell. Removal of the MF core by
treatment with HCI again yields a hollow capsule. Subsequent
removal of the SiO, by HF yields a liquid interlayer in which
excess PAH is dissolved. This space between the outside
volume and inner core volume is itself interesting as a reaction
space, but here we use it merely to tune the properties of the
capsule wall as a whole.

The wall thickness of both NPS and SiS capsules was
measured by means of scanning-force microscopy (SFM) and
shows there is a large difference in the capsules in the dried
state before and after removal of the silica particles. A typical
SFM image is shown in Figure 2. NPS capsules of (PSS/PAH
@silica), have average diameters of about 6.0 and 4.3 um. The
wall thickness of the dried particles can be deduced from SFM
contour plots, since, for example, the height terraces corre-
spond to folds and thus to a double wall thickness or multiples

UMM mim Sif nm
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Figure 2. SFM images of air-dried hollow capsules of (PSS/PAH@silica),:
a) before and b) after removal of silica nanoparticles from inside the walls.
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thereof. In this case, one derives a value of 18 nm and, less
accurately, of 500 nm for the wall thickness after and before
removal of the SiO,, respectively. An average diameter
increment of approximately 120 nm per PAH@silica multi-
layer indicates that about two monolayers (on average) of
silica nanoparticles are adsorbed with each deposition cycle.
This may be a result of the formation of agglomerates of silica
nanoparticles. Nevertheless, SiS capsules of (PSS/PAH/PSS/
PAH-FITC)(silica/PAH/silica)(PAH-RhB/PSS/PAH/PSS/PAH)
possess a capsule wall containing silica particles with a
thickness of 120-126 nm. The removal of the silica layers left
a wall thickness of approximately 20-26 nm. The difference of
about 100 nm corresponds to the thickness of two silica layers.
Thus, SFM measurements indicate silica nanoparticles were
successfully incorporated into the wall of the capsules and
removed by HF etching.

NPS capsules were resolved by ultramicrotom transmission
electron microscopy (UM-TEM). It can be seen from UM-
TEM images (Figure 3) that the resulting hollow capsules of

Figure 3. UM-TEM images of capsules of (PSS/PAHG@silica),: before (a, c)
and after (b, d) removal of silica particles from inside the walls.

(PSS/PAH@silica), are almost spherical. Capsules with silica
particles (dark dots with brighter surrounding) are shown in
Figure 3a. After the capsules have been subjected to HF acid
to remove silica particles, the resulting pores (bright area with
darker surrounding) are randomly distributed over the thin
polymer shell of about 500 nm thickness, whereas the center
with a diameter of about 4 pm is totally empty (Figure 3b).
The pore size distribution depends on the size of the silica
particles and the osmotic pressure in the pores, and results in
the thickness of the porous shell being similar to that of the
shell possessing silica particles. The much smaller thickness
measured by SFM after SiO, removal is thus the result of a
collapse of the pores upon drying. Figure 3¢ and d show the
silica particles and the resulting nanopores at higher reso-
lution.

It can be seen by means of confocal laser scanning
microscopy (CLSM) that both the NPS and SiS capsules are
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shape-persistent, with no agglomeration in solution before or
after removal of the silica particles. More insight into the
structure of the SiS shells in liquid has been obtained by high-
resolution confocal two-color fluorescence microscopy. Re-
moval of the silica layers should form an interlayer of
approximately 100 nm thickness in between the inner shell
of (PSS/PAH/PSS/PAH-FITC; approximately 8 nm thickness)
and the outer shell of (PAH-RhB/PSS/PAH/PSS/PAH);
approximately 10 nm thickness) that is filled by a PAH
solution. Figure 4a shows the occurrence of two completely
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Figure 4. a) CLSM fluorescence image of a capsule of (PSS/PAH/PSS/
PAH-FITC)(silica/PAH/silica)(PAH-RhB/PSS/PAH/PSS/PAH) after re-
moval of the silica layers. Red emission results from the rhodamine B in
the outer layers and yellow emission from the fluorescein in the inner layers
mixed with the emission from the rhodamine B. b) Fluorescence profiles
along a line through the capsule center; green: fluorescein fluorescence,
red: rhodamine B fluorescence. I =fluorescence intensity.

co-centered fluorescent shells, which are attributed to the
fluorescein-labeled inner shell of PSS/PAH/PSS/PAH-FITC
and the rhodamine B labeled outer shell of PAH-RhB/PSS/
PAH/PSS/PAH. Figure 4b show the fluorescence distribution
of both dyes detected simultaneously at different wavelengths.
The insert of Figure 4b shows the distance between the inner
and the outer shells at higher resolution. The difference
between both maxima taken from five profiles yields an
average distance of 100 £ 10 nm between the PAH-FITC on
the inner shell and the PAH-RhB on the outer shell. This
distance agrees well with the value of 100 nm determined by
SFM for the silica-layer thickness.

The permeability was studied by confocal microscopy
studies on the fluorescently labeled PAH and PSS, as well as
on small dye molecules such as fluorescein and rhodamine B.
NPS capsules are impermeable to the polymer but permeable
to small dye molecules, both before and after removal of the
silica particles. No difference in permeability was observed for
SiS capsules before and after removal of the silica layers.
However, annealing the SiS capsules with silica interlayers in
the walls at 70°C for 6 min and then cooling them down
results in them becoming impermeable to small dye mole-
cules, similar to the (PSS/PAH)s capsules. On the other hand,
SiS capsules obtained by removal of the silica interlayers are
permeable to small molecular dyes and impermeable to
polymers.

The reduced permeability of the (PSS/PAH)s and (PSS/
PAH),(silica/PAH/silica)(PAH/PSS),/PAH capsules was as-
cribed to a rearrangement of the macromolecular layer
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constituents after annealing.[’) This situation arises from a
stronger coupling of the polyelectrolytes with each other
which leads to an increased network in the wall. Macroscopi-
cally, the rearrangement reduces the capsule diameter by
more than 20 % . Simultaneously, the capsule wall contracts so
that even small molecules cannot permeate through. Al-
though the overall wall material of the SiS capsules after
removal of silica is almost the same as for the (PSS/PAH);
capsules, the original continuous shell is divided into two
subshells by the liquid interlayer. Thus, it is understandable
that small dye molecules diffuse more easily into SiS capsules
with a liquid interlayer than into (PSS/PAH), capsules.

The mechanical stability of the capsules was elucidated by
observing osmotically induced deformations. PSS (My=
70000 Da) does not permeate the capsule wall, hence, the
capsule morphology can be tuned by adjusting the osmotic
pressure external to the PSS solution. Starting with perfectly
spherical capsules, a stepwise increase in concentration of PSS
osmotically leads to permeation of water from the inside to
the outside and concomitant deformation of the capsules. If
(PSS/PAH); and (PSS/PAH), capsules are incubated in a 12 %
PSS solution, they invaginate and no longer show a spherical
shape.l’l However, no deformation was observed for either the
NPS and SiS capsules before or after removal of the silica.

It can be easily understood that rigid organic-inorganic
capsules are deformation-resistant, even under a considerable
mechanical stress. After removal of the silica particles,
capsules with water interlayers or nanopores have the same
chemical composition as the capsules obtained from PSS/
PAH. The much higher mechanical stability, which is attrib-
uted to the different shell structure, may arise from two
factors: either the wall has become reinforced by the silica
removal process (for example, by incomplete removal of silica
or cross-linking of some chains) or the excess PAH resulting
from the removal of silica particles has been excreted from the
wall into the water interlayer or nanopores and build up an
osmotic pressure. The latter offsets the external osmotic
pressure of 10 Nm~2 corresponding to a weight of 12% PSS.
The intermediate water layer must also exhibit a similar
polyelectrolyte concentration. Such a concentration is not
unreasonable because the PAH content in the silica-contain-
ing interlayer can be estimated to be about 11%. This
estimate results from assuming a silica particle has a diameter
of 50 nm and the polyelectrolyte coating has a thickness of
2 nm.

In summary, our results have shown that intriguing capsules
with vastly different mechanical stability and controllable
permeability can be prepared simply by changing the
structure of the shell. We expect these novel capsules to be
of particular interest for applications, such as delivery systems,
catalysis, and chemical sensing or separation, for which
structural features such as selective permeability, cavity shape,
as well as a remarkable mechanical stability are critical. It is
also clear that the liquid interlayer between the polymeric
walls may be a reaction compartment suitable for reactions to
enable the wall properties to be changed further. Further
experiments need to be carried out to increase the efficiency
and sophistication of encapsulation, delivery, and separations
with these capsules.
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Experimental Section

PSS (My=70000Da) and PAH (My=70000 and 15000 Da) were
obtained from Aldrich. Silica particles (50 nm) were prepared according
to the method reported by Stéber et al.”! MF particles (3.99 um) were
purchased from Microparticles GmbH, Germany.

The procedure employed for the deposition of PSS, PAH, silica, and PAH-
coated silica nanoparticles onto the surface of MF microparticles is as
follows: A solution (1.5 mL) of the species with a charge opposite to that of
the MF templates or the last layer deposited (1 mgmL~! PSS or PAH in
0.5M NaCl or 2wt % silica or PAH-coated silica nanoparticles in 0.IN
NaCl) was added to a template latex solution (0.3 mL) and left to adsorb
for 15 min. The excess added species was removed after each layer was
deposited by centrifugation (2000 g, 2 min)/washing/redispersion cycles
(x 3) with dilute aqueous NaCl. After the final washing step, the particles
were redispersed in water (0.3 mL). Subsequent layers were deposited until
the desired number of multilayers was achieved. Silica particles (50 nm)
were covered with one PAH layer by using a similar procedure except that
centrifugation (10000 rpm, 10 min) was used for the particle separation.
Hollow capsules were prepared by dissolving the MF cores with 0.1m HCI
solution. Silica particles in the walls of the capsules were removed with 0.1m
HF solution.

Confocal micrographs were taken with a confocal laser scanning micro-
scope “Aristoplan” from Leica (Germany) equipped with a 100 x oil
immersion objective.

The morphology of the capsule wall was investigated by transmission
electron microscopy of ultrathin sections. The sections were made on an
ultramicrotom “Ultracut E” after embedding them in a mixture of methyl
methacrylate and n-butyl methacrylate. The sections were observed
through a Zeiss EM 902 transmission electron microscope.
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Ru" Complexes of “Large-Surface” Ligands**
Edith C. Glazer and Yitzhak Tor*

Ru"-polypyridyl complexes have traditionally been syn-
thesized by a complexation reaction of the ligand of interest
with the appropriate Ru" precursors.lll' Although significant
advances have been made in synthesizing modified
2,2"-bipyridine-, 1,10-phenanathroline-, and 2,2":6,2"-terpyri-
dine-type ligands, these methodologies provide access to a
rather constrained set of structural motifs.”! In particular, the
range of Ru' complexes that contain large, extended surfaces
is limited,®! despite their enormous potential as nucleic acid
intercalators, luminescent probes, as well as energy and
electron donors and acceptors.[*3] We envisage a new method-
ology for the fabrication of extended polypyridyl systems
from modular building blocks by the dehydrogenation
reaction of a strained metal-complexed ligand (Scheme 1).[57]
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Scheme 1. Extended symmetric and asymmetric bipyridine-type ligands
are synthesized in a modular fashion from simpler heterocycles. The
chelating ligand is enforced into a syn orientation within an octahedral
complex and can then undergo a dehydrogenation reaction to a planar
“large-surface” metal-polypyridine complex.

In this modular approach, nitrogen-containing heterocycles
are homo- or heterocoupled to give extended bipyridines that
can subsequently be coordinated and dehydrogenated to give
the desired coordination complexes (Scheme 1).81 Here we
report the successful implementation of this strategy for the
preparation of biologically active eilatin-containing com-
plexes as well as Ru! complexes of previously unknown
“large-surface” ligands.
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