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Abstract: Biocompatible hollow cap-
sules have been formed by electrostatic
layer-by-layer self-assembly of a per-
fluorinated ionomer (Nafion) in alter-
nation with ferric ions onto polystyrene
latex particles or organic microcrystals,
followed by dissolution of the cores by
tetrahydrofuran or dimethylformamide.
The stepwise growth of multilayers was
followed by UV-visible spectroscopy
and microelectrophoresis. The forma-

tion of hollow capsules was verified by
confocal laser scanning microscopy and
scanning force microscopy. The hollow
Fe3�/Nafion capsules displayed high sta-
bility over a wide range of pH values and
at high temperature. Fluorescein trans-

port through the Fe3�/Nafion capsule
wall was studied by means of photo-
chemical bleaching and recovery (PBR)
of the capsule interior. A diffusion
model is suggested to calculate the
diffusion coefficient for low-molecular-
weight species, which was determined to
be in the order of 10�12 cm2s. The
permeability can be manipulated by
changing the wall thickness of the cap-
sules.
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Introduction

Encapsulation technologies have developed to reduce tox-
icity, to mask taste and odor, to facilitate storage or transport,
and to improve the stability of the encapsulated product.[1]

Hollow polymer particles with dimensions in the submicrom-
eter region possess great potential for encapsulation of guest
molecules in their empty core for controlling the release.[2]

They are widely exploited as protective containers for cells
and enzymes, confined reaction vessels, carriers for drugs,
heterogeneous catalysts, and dye dispersants.[2] Many of these
applications require knowledge of the transport of molecules
through these capsules. The understanding and control of
small-molecule diffusion through the capsule is the basic
requisite for many future applications, such as drug delivery
systems and for biosensor development.[3]

Similar and very effective nanometer-sized containers, such
as micelles and vesicular structures, are used by nature in
biological systems. However, they have only a limited stability
and may undergo structural changes.[4] Many applications
require them to be more stable. In addition, most of the
proposed applications are concerned with biology, so nano-
capsules composed of biocompatible materials are also
required.

Nafion represents a novel and unique family of polyelec-
trolytes, which consist of a perfluorinated backbone and short
pendant chains terminated by sulfonic head groups.[5] Various
applications have been found in areas such as fuel cells,

OCF2CF2SO3H

(OCF2CF)kCF3

[(CF2CF2)mCFCF2]n

Nafion

sensors, polymeric catalysts, membranes for separation, and
purification.[6] Biocompatibility studies on Nafion have shown
no acute or chronic foreign-body response.[7] Nafion possesses
superselectivity, good mechanical properties, thermal stability
(up to 200 �C), and chemical and biological inertness; this
makes Nafion to one of the premier systems capable of
operating in harsh biological environments.[8]

Electrostatic layer-by-layer self-assembly has been widely
utilized to construct a variety of two- and three-dimensional
multilayered structures.[9, 10] In this paper, we report the
preparation of hollow capsules based on Fe3�/Nafion by the
sequential electrostatic deposition of the respective charged
species onto colloid templates, followed by removal of the
core. Photochemical bleaching and recovery of the capsule
interior were used to determine the permeability of Fe3�/
Nafion multibilayers. A diffusion model is suggested to
calculate the diffusion coefficient and to estimate the perme-
ability of the Nafion capsule. The measurements give
information on the dependence of the diffusion coefficient
on the wall thickness.
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Experimental Section

Materials : Sodium poly(styrene sulfonate) (PSS, Mw 70000), poly(allyl-
amine hydrochloride)(PAH, Mw 70000), Nafion, and iron(���) chloride
hexahydrate (FeCl3 ¥ 6H2O) were purchased from Aldrich. Nafion was
obtained as a 5% w/v mixture in water and lower aliphatic alcohols
(1100 equiv. wt; i.e., 1100 g of polymer per mol of�SO3H groups). NH4OH
(28 wt%) and hydrochloric acid (37%) were used as a 1% dilution to
adjust the pH. Polystyrene (PS, 240 nm, 10.55 �m) and melamine form-
aldehyde (MF, 4 �m) particles were purchased from Microparticles,
GmbH, Berlin, Germany. Bis(dithiobenzil)nickel(��) tetra-n-butyl ammo-
nium salt (BDTA) was synthesized previously.[11] Rhodamine-labeled PAH
was prepared according to the literature.[12]

A solution of Nafion (1 mgmL�1, 0.9 m�, based on the repeat unit
molecular weight) was prepared by diluting the as-received solution in
methanol/water (9:1). The pH, 3, of this solution was adjusted with aqueous
NH3 ¥H2O. The ionic strength of the Nafion solution was modified with KCl
(0.01�). Then, a solution of FeCl3 (5 mgmL�1, 18.5 m�) was prepared by
addition of FeCl3 ¥ 6H2O (0.5 g) to water (100 mL; pH 2.0). Solutions of
PAH (1 mgmL) and PSS (1 mgmL) in water with NaCl (0.5�) were
prepared for all experiments.

Layer-by-layer self-assembly on colloid particles : Fe3� and Nafion or PAH
and PSS were assembled onto the surface of PS, MF, and BDTA
microparticles by layer-by-layer adsorption according to the method
reported.[9, 13] The added species with charge opposite to that of the
particle surface or the last layer deposited was allowed to adsorb for
20 min. The excess polyelectrolytes or Fe3� were removed by three
repeated centrifugation (2000 g, 5 min)/washing/redispersion cycles with
water in each deposition step. The subsequent layers were deposited in the
same manner with the oppositely charged species. After completion of the
desired number of deposition cycles, hollow capsules were prepared by
dissolving the PS core with tetrahydrofuran, the MF core with HCl (0.1�),
or the BDTA core with dimethylformamide. The resulting hollow polymer
capsules were then centrifuged at 500 g for 5 min and washed with the
corresponding solvent and water three times.

Characterization methods : The microelectrophoretic mobility of coated
particles dispersed in pure water was measured with a Malvern Zetasizer 4.
The mobilities u were converted into � potentials by using the Smolu-
chowski relation (��u�/�0�), in which � and �0� are the viscosity and
permittivity of the solution, respectively.

Absorption spectra of hollow capsules obtained by removal of the PS
templates were measured in tetrahydrofuran on a Varian Cary 4E UV-
visible spectrophotometer.

Confocal micrographs were taken with a confocal laser scanning micro-
scope (CLSM) ™Aristoplan∫ from Leica, equipped with a 100� oil
immersion objective.

The scanning force microscopy (SFM) images were obtained by means of a
Digital Instruments Nanoscope IIIa in tapping mode. Samples were
prepared by applying a drop of the capsule solution onto a freshly cleaved
mica substrate. After the capsules had been allowed to settle, the substrate
was dried naturally.

Photochemical bleaching and recovery (PBR) of the capsule interior were
used to determine the permeability of Fe3�/Nafion bilayers adsorbed onto
the surface of hollow capsules of (PSS/PAH)3 for fluorescein by means of
CLSM (Ar/Kr laser, 488 nm). The diffusion coefficients of fluorescein
through Fe3�/Nafion bilayers were derived based on the assumption that
hollow capsules of (PSS/PAH)3 are permeable for small molecules and have
negligible resistance compared with Nafion/Fe3� bilayers. The laser beam
was focused onto a spot inside the whole capsule. The interval between
image scans varied depending on the duration of recovery. Recovery was
considered complete when the intensity of the photobleached region
stabilized. The fluorescence intensity was integrated by selecting a defined
area in the interior.

Results and Discussion

Scheme 1 shows the general procedure of layer-by-layer self-
assembly of Fe3�/nafion onto the surface of PS latex particles.
Nafion possesses a micellar conformation with the polar

Scheme 1. Illustration of the growth of alternating Fe3�/Nafion capsules
templated on PS latex particles with the neutral wash.

sulfonate groups located on the surface and the hydrophobic
fluorocarbon backbone buried inside (�� 38).[14] Nafion×s
acidity (�Ho� 12 on Hammett×s scale) is comparable with
that of 100% sulfuric acid;[15, 16] this implies a nearly complete
degree of ionization at pH 3. Since adsorption of ferric ions
onto the negatively charged surface of PS particles facilitates
surface-charge reversal, the sulfonate groups of Nafion are
attracted by ferric ions. The formation of insoluble hydroxides
occurs during washing at pH� 4.3 based on the solubility
product of Fe(OH)3 (Ksp� 6� 10�39).[17] This transformation
of adsorbed Fe3� to Fe(RSO3)x(OH)3-x (x� 1, 2, 3; RSO3

stands for Nafion) results in increasing basicity of the
substrate and the formation of a cross-linked structure. The
entire process is repeated until the desired number of
deposition steps is achieved.
Following the successful buildup of multilayers and core

removal, free-standing hollow capsules based on the Fe3�/
Nafion complex were obtained. Direct visualization of hollow
capsules from Fe3�/Nafion was provided by CLSM measure-
ments, as shown in Figure 1. There is no evidence of a solid
core, this indicates dissolution and removal of PS particles.
The structures seen in the transmission image are due to the
contrast of the remaining Fe3�/Nafion complex layers from
the original coating of templates. No closed capsule was

Figure 1. a) CLSM transmission image of capsules of (Fe3�/Nafion)4
templated on PS latex particles, b) CLSM fluorescence image of capsules
of (Fe3�/Nafion)4 templated on BDTAmicrocrystals and after addition one
layer of rhodamine-labeled PAH as the outermost one.
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obtained from one bilayer of Fe3�/Nafion, but for the hollow
capsules of more than one bilayer of Fe3�/Nafion, the size and
shape are persistent. This indicates that during core removal
only a small osmotic pressure is transiently established and
that the Fe3�/Nafion complex can resist this pressure. Hollow
capsules were also successfully fabricated by means of
templating on MF latex particles and BDTA microcrystals,
as well as (PSS/PAH)3 hollow capsules. There is no basic
difference on varying the kind of templates to start the self-
assembly process. Essentially the first adsorbed layer has to
possess a charge opposite to the particle surface.
The assembly of Fe3�/Nafion or PAH/Nafion multilayers on

PS colloid particles was followed by microelectrophoresis
(Figure 2). Starting from �52 mV, corresponding to uncov-
ered PS particles, the � potential alternates according to

Figure 2. � potential of Fe3�/Nafion (�) and PAH/Nafion (�) multilayers
on 240 nm PS latex particles as a function of the number of deposition steps.
The odd layer numbers correspond to Fe3� or PAH deposition and the even
layer numbers to Nafion adsorption. The uncovered PS latex particles
exhibit a � potential of ca. �52 mV.

whether Fe3� or Nafion formed the last adsorbed outer layer.
Fe3� as the outermost layer yielded � potentials from about 4
to 21 mV. Nafion as the outermost layer yielded � potentials
from about �52 to �37 mV; this is consistent with a
negatively charged particle surface.[18] These data demon-
strate that the deposition of a metal ion, such as Fe3�, with
only three positive charges is effective in reversing the sign of
the surface charge when deposited alternately with Nafion.
For PAH/Nafion multilayers on PS spheres, the � potential
alternated in a manner very similar to that reported for
polyelectrolyte adsorption.[18] For both systems, the sign of the
values obtained is in accordance with the charge on the
species deposited, although Fe3� yielded much smaller �

potentials than PAH as the outermost layers.
To examine the deposition process of the Fe3�/Nafion

capsules in more detail, the deposition process was also
monitored by UV-visible spectroscopy. The pronounced
optical absorbance of ferric ions (bright yellow films) provides
additional insight into the layer growth and degree of iron
incorporation. Figure 3 shows UV/vis absorption spectra of
Fe3�/Nafion assemblies with different numbers of deposition
steps. That the intensity developed with increasing number of
adsorption cycles indicates a successful deposition. Thus, the
UV/vis measurements also confirm the presence of Fe3� in the
capsules and support the microelectrophoresis results.

Figure 3. UV/vis absorption spectra of hollow capsules of (Fe3�/Nafion)n
(n� 1, 2, 3, 4, 5) obtained by removal of the 10.55 �m PS cores with THF.
The resulting capsules were washed three times with THF and then
redispersed in THF for measurements.

Hollow capsules typically maintain the spherical shape of
the template particle in solution, while depositing them on a
solid substrate and air-drying induce their collapse. Figure 4

Figure 4. SFM images of capsules of (Fe3�/Nafion)n templated onto
10.55 �m PS latex particles with neutral (pH 7) wash. a) n� 2, b) n� 3,
c) n� 4, d) n� 5.

displays SFM images of capsules with different numbers of
Fe3�/Nafion bilayers templated onto 10.55 �m PS latex
particles. A number of folds and creases were observed as a
result of air-drying. Larger diameters than the template
diameter were seen due to spreading effects. The capsules
were found to be thicker with increasing number of Fe3�/
Nafion bilayers. In order to obtain quantitative evidence for
the formation of Fe3�/Nafion multilayers on the PS particles,
the wall thickness of these capsules was determined from the
smallest heights of the air-dried hollow capsules. This value is
equivalent to twice the capsule-wall thickness. After the first
few layers, the wall thickness increases almost linearly with
the number of layers deposited (Figure 5). Such behavior has
often been observed, with a few polyelectrolyte layers
required prior to regular multilayer growth for films assem-
bled by the layer-by-layer technique.[19] The average layer
thickness for the Fe3�/Nafion bilayer (calculated from the 6-,
8-, and 10-layer films) is 15.5 nm. This value is six times higher
than the 2.6 nm observed in earlier studies for the thickness
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Figure 5. Thickness of capsule walls of (Fe3�/Nafion)n (n� 2, 3, 4, 5)
templated on 10.55 �m PS latex particles with neutral (pH 7) wash.

of bilayers of PSS/PAH.[20] Interestingly, there is a big
difference between the wall thickness of the capsules of
(Fe3�/Nafion)4 and (PAH/Nafion)4 templated onto BDTA
microcrystals with neutral wash. The thickness of a single
Fe3�/nafion bilayer of the former (24.8 nm) is much larger
than that of the latter (15.6 nm). Overall, the microelectro-
phoresis, absorption spectroscopy, and microscopy data
provide unambiguous evidence for the creation of hollow
capsules from Fe3�/Nafion and PAH/Nafion complexes with
the layer-by-layer strategy.
The stability of the Fe3�/Nafion hollow capsules with

respect to pH value and heating was examined. In aqueous
solution and over the course of one week, only a slight
decrease in iron content (and subsequently Nafion) was
observed, after this a constant value was reached for the
duration of the experiment (6 weeks). According to integrat-
ed absorption spectra of the supernatant obtained by cen-
trifugation of the capsule solution, the initial iron loss of about
5% is attributed to loosely attached Nafion moieties. After
incubation in 10% NaOH and HCl (pH 1) for three months,
no decomposition was observed; this indicates that Fe3�/
Nafion hollow capsules are stable over a wide pH range. On
the other hand, capsules from PSS/PAH bilayers decompose
at pH� 12. Raising the temperature may not facilitate the
decomposition process. After heating Fe3�/Nafion hollow
capsules in water or NaCl (2�) at 85 �C, or in ethylene glycol
at 180 �C for 12 h, most of the capsules were still shape-
persistent; this indicates that they are thermally stable.
In general, due to the sharp transition of adsorbed Fe3� to

Fe(RSO3)x(OH)3-x above pH 4.3, iron precipitation in neutral
wash results in higher amounts of iron incorporation into the
walls of the capsules and the formation of thicker walls than in
acidic wash. Surprisingly, capsules obtained by using a neutral
wash appear to be smoother and more uniform than those
obtained with an acidic wash.
Figure 6 shows a typical PBR measurement by CLSM.

Before bleaching and at low excitation intensity, equal
emission is observed from inside and outside the capsule
after incubation in fluorescein solution. On increasing the
excitation intensity, the fluorescein is bleached within the
illuminated area. Thus, the inside of the capsule becomes dark
because unbleached fluorescein penetrates the wall too
slowly. However, the fluorescence of the outside of the

Figure 6. Typical photochemical bleaching and recovery of the fluores-
cence of fluorescein in the interior of (PSS/PAH)3 capsules coated with
three additional Nafion/Fe3� bilayers. a) before bleaching, b) after bleach-
ing, c ± e) fluorescence recovery with time increased.

capsule exhibits almost no change. On decreasing the
excitation intensity, the fluorescence recovery can be ob-
served in the capsule interior as a function of time.
Figure 7 displays the fluorescence intensity in the capsule

interior after a bleach pulse as a function of time for capsules
coated with different numbers of Nafion/Fe3� bilayers. As the

Figure 7. The fluorescence intensity in the capsule interior as a function of
time after a bleach pulse for (PSS/PAH)3 capsules coated with different
(given) numbers of additional Nafion/Fe3� bilayers.

number of Nafion/Fe3� bilayers increases, the fluorescence
recovery becomes slower and slower. The time dependence
was fitted by a function:

I� c � a(1� exp�t/b) (1)

Equation (1) can expressed as a solution to Fick×s law:

dC/dt��A(C0�C) (2)

Here C0 and C represent the concentration outside and
inside of the capsules, respectively, and C is proportional to
the fluorescence intensity. The coefficient A is related to the
diffusion coefficient (D) through a spherical wall with radius
R and thickness L according to:

1/b� 3D/RL (3)

According to Equation (3), a diffusion coefficient D can be
calculated.[3a]

The Nafion micelles do not form a complete barrier for the
fluorescein molecules, but they slow down their transport. The
permeability is supposed to be caused by defects in the bilayer
film. For the first and second layer assemblies, the large
permeability might be attributed to the percolated pores of
the supporting capsule wall. These pores progressively
decrease in size, and by the third and fourth layer they are
finally filled.[10] Thus, we have chosen the third and fourth bi-
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layers to calculate the diffusion coefficient, diffusion through
which was determined to be 4.1� 10�12 and 3.8� 10�12 cm2s�1,
respectively, based on the radius R� 2 �m. Galeska et al.
derived a diffusion coefficient for glucose for through Fe3�/
Nafion in the order of 10�10 cm2s�1.[10] Differently from in
normal capsules of (PSS/PAH)4, annealing results in higher
fluorescein permeability for capsules of (Fe3�/Nafion)4; this
can be attributed to increased porosity. Annealing modifies
the microstructure by inducing hydrophilic channels in the
Nafion assembly, thereby facilitating transport of fluorescein
through the walls.[21]

Conclusion

We have described an effective method for the fabrication of
biocompatible Nafion-based hollow capsules. Iron precipita-
tion in neutral wash results in higher Fe3�/Fe(OH)1-3 incorpo-
ration into the walls of the capsules. The demonstrated
hydrolytic stability of these Nafion/Fe3� capsules over a wide
range of pH and at high temperature is of great importance
for many applications. A diffusion model was used to estimate
the permeability of Nafion/Fe3� capsules for small fluorescein
molecules. The method can be generalized to other systems. A
diffusion coefficient of Nafion/Fe3� capsules for fluorescein
was derived in the order of 10�12 cm2s�1. The permeability can
be manipulated by changing the number of Nafion/Fe3�

bilayers. We expect the novel Nafion capsules to be of
particular interest for applications such as drug transport and
release, and biosensors–for which controlled diffusion for
small molecules, biocompatibility and remarkable stability
are most important.

Acknowledgements

This work was supported by the Federal Ministry of Education, Science,
Research, and Technology (BMBF) and BASF. Heidi Zastrow is thanked
for assistance with the electrophoresis measurements and Anne Heilig for
help with the SFM measurements.

[1] a) K. G. Das, Controlled Release Techniques Wiley Interscience, New
York, 1983 ; b) Y. Haga, S. Inoue, T. Sato, R. Yosomiya, Angew.
Makromol. Chem. 1986, 139, 49 ± 61; c) E. Bourgeat-Lami, J. Lang, J.
Colloid Interface Sci. 1998, 197, 293 ± 308.

[2] a) Z. F. Dai, A. Voigt, E. Donath, H. Mˆhwald, Macromol. Rapid
Commun. 2001, 22, 756 ± 762; b) F. Caruso, Chem. Eur. J. 2000, 6, 413 ±
419; c) W. Meier, Chem. Soc. Rev. 2000, 29, 295 ± 303.

[3] a) G. Ibarz, L. D‰hne, E. Donath, H. Mˆhwald, Chem. Mater. 2002, in
press; b) G. B. Sukhorukov, A. A. Antipov, A. Voigt, H. Mˆhwald,

Macromol. Rapid Commun. 2001, 22, 44 ± 46; c) R. C. Mercado, F.
Moussy, Biosens. Bioelectron. 1998, 13, 133 ± 145; d) M. Gerritsen,
J. A. Jansen, J. A. Lutterman, Neth. J. Med. 1999, 54, 167 ± 179.

[4] D. D. Lasic, Liposomes: From Physics to Applications, Elsevier,
Amsterdam, 1993.

[5] a) R. A. Komoroski, K. A. Mauritz, J. Am. Chem. Soc. 1978, 100,
7487 ± 7489; b) P. C. Lee, D. Meisel, J. Am. Chem. Soc. 1980, 102,
5477 ± 5481; c) M. N. Szentirmay, N. E. Prieto, C. R. Martin, J. Phys.
Chem. 1985, 89, 3017 ± 3023; d) J. Q. Guan, Z. F. Dai, C. H. Tong, B. X.
Peng, J. Photochem. Photobiol. A 1998, 114, 45 ± 49.

[6] a) M. A. Harmer, W. E. Farneth, Q. Sun, J. Am. Chem. Soc. 1996, 118,
7708 ± 7715; b) D. E. Wilmington, Nafion Perfluorinated Membranes ;
Product Bulletin, Du Pont, 1983, pp. 1 ± 4; c) S. J. Lee, S. Mukerjee, J.
McBreen, Y. W. Rho, Y. T. Kho, T. H. Lee, Electrochim. Acta 1998,
3693 ± 3701; d) Q. D. Huang, Z. Q. Lu, J. F. Rusling, Langmuir 1996,
12, 5472 ± 5480; e) S. A. C. Barton, B. L. Murach, T. F. Fuller, A. C.
West, J. Electrochem. Soc. 1998, 145, 3783 ± 3788.

[7] R. F. B. Turner, D. J. Harrison, R. Rajotte, Biomaterials 1991, 12, 361 ±
368.

[8] a) W. I. Milwaukee, Nafion Resins, Vol. 163, Aldrich Technical
Bulletin, 1988, pp. 1 ± 5; b) E.Wilkins, P. Atanasov, B. A.Muggenburg,
Biosens. Bioelect. 1995, 10, 485 ± 494.

[9] a) G. Decher, Science 1997, 277, 1232 ± 1237; b) E. Donath, G. B.
Sukhorukov, F. Caruso, S. A. Davis, H. Mˆhwald, Angew. Chem. 1998,
110, 2323 ± 2327; Angew. Chem. Int. Ed. 1998, 37, 2201 ± 2205; c) F.
Caruso, R. Caruso, H. Mˆhwald, Science 1998, 282, 1111 ± 1114; d) L.
D‰hne, S. Leporatti, E. Donath, H. Mˆhwald, J. Am. Chem. Soc. 2001,
123, 5431 ± 5436.

[10] I. Caleska, D. Chattopadhyay, F. Moussy, F. Papadimitrakopoulos,
Biomacromolecules 2000, 1, 202 ± 207.

[11] a) Z. F. Dai, Q. Li, B. X. Peng, Dyes Pigm. 1997, 35, 23 ± 29; b) Z. F.
Dai, Q. Li, B. X. Peng, Dyes Pigm. 1998, 36, 243 ± 248.

[12] a) D. M. Kaschak, T. E. Mallouk, J. Am. Chem. Soc. 1996, 118, 4222 ±
4223; b) C. L. Della, A. Gringnani, M. Cassullo, G. Caputo, WO
Patent, 97/13810, 1997.

[13] Z. F. Dai, A. Voigt, S. Leporatti, E. Donath, L. D‰hne, H. Mˆhwald,
Adv. Mater. 2001, 13, 1339 ± 1342.

[14] M. Uchida, Y. Aoyama, N. Eda, A. Ochta, J. Electrochem. Soc. 1995,
142, 463 ± 468.

[15] Y. Lvov, K. Ariga, M. Onda, I. Ichinose, T. Kunitake, Langmuir 1997,
13, 6195 ± 6203.

[16] F. J. Waller, R. W. V. Scoyoc, CHEMTECH 1987, 17, 438 ± 441.
[17] D. D. Ebbing, General Chemistry, 5th ed., Houghton Mifflin, Boston,

MA, 1996.
[18] G. Sukhorukov, E. Donath, S. Davis, H. Lichtenfeld, F. Caruso, V. I.

Popov, H. Mˆhwald, Polym. Adv. Technol. 1998, 9, 759 ± 767.
[19] a) Y. Lvov, G. Decher, H. Mˆhwald,Langmuir 1993, 9, 481 ± 486; b) G.

Decher, Y. Lvov, J. Schmitt, Thin Solid Films 1994, 244, 772 ± 777.
[20] S. Leporatti, A. Voigt, R. Mitlˆhner, G. Sukhorukov, E. Donath, H.

Mˆhwald, Langmuir 2000, 16, 4059 ± 4063.
[21] a) C. Heitner-Wirguin, J. Membr. Sci. 1996, 120, 1 ± 33; b) T. D.

Gierke, W. Y. Hsu, Perfluorinated Ion Exchange Membranes, (Eds.:
A. Eisenberg, H. L. Yeager), American Chemical Society, Washing-
ton, DC, 1982, pp. 283 ± 307; c) A. Eisenberg, H. L. Yeager, Perfluori-
nated Ionomer Membranes, American Chemical Society, Washington,
DC, 1982.

Received: April 4, 2002 [F3996]


