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Abstract: Hollow polyelectrolyte capsules in micro- and submicrometer size were prepared. Their interior
was functionalized by a “ship in bottle” synthesis of copolymers. While the monomers permeated the capsule
wall easily, the formed polymers remained in the capsule cage. The physicochemical properties of the capsule
interior such as ion strength, pH, light absorption, and fluorescence could be controlled independently from
the surrounding solvent by means of the chemical nature of the captured polymer. In case of polyelectrolytes
the osmotic pressure of the counterions led to a swelling of the capsules which can be important for
micromechanics. The functionalization with light-sensitive materials allowed selective photoreactions inside
the capsules. Synthesis of polyelectrolytes at high concentration resulted in an intertwining of the capsule wall
with the polymer. The modified walls behaved like ion exchange membranes and showed selectivity toward
adsorption and permeation of organic ions. The modified capsules offer many possibilities for novel applications
as containers for controlled precipitation, as nanoreactors for catalyzed reactions, or as sensors.
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changing the pH.These capsules off_er broad perspectives in PSS adsorption 6x PSS/PAH
nanoscale encapsulation of drugs, minerals, dyes, and proteins. adsorption
In addition, they are promising mesoscopic reaction cages. Such B
nanoreactorsattract considerable interest and some progress
has been made recently in their preparation. The physicochem-
ical properties of both the wall and the interior of the new
polyelectrolyte capsules can be customized widely. Polyelec-
trolytes, nanoparticles, or multivalent ions as layer building
materials offer a broad variability to tailor the wall desfh.
The properties of the capsule interior could be changed by filling
them with low molecular weight compounds and subsequent
precipitation’ micelle formation, or solvent exchangbut these

Introduction

A novel type of hollow polyelectrolyte capsules has recently
been preparédoy covering templates ranging from 60 nm to ;

(1) Donath, E.; Sukhorukov, G. B.; Caruso, F.; Davis, S. A’hvald,
H. Angew. Chem., Int. EA.998 37, 2002-2005.

(2) (a) Decher, G.; Hong, J. D.; Schmitt,Thin Solid Films1992 210,
831. (b) Bertrand, P.; Jonas, A.; Laschewski, A.; LegrasMiacromol.
Rapid Commun200Q 21, 319.

(3) Sukhorukov, G. B.; Donath, E.; Moya, S.; Susha, A. S.; Voigt, A,;
Hartmann, J.; Mbwald, H.J. Microencapsulatior200Q 17, 177.

polymerization

(4) (@) Nardin, C.; Thoeni, S.; Widmer, J.; Winterhalter, M.; Meier, W.;  Figure 1. Scheme of capsule preparation and filling with polymers

Chem. Commur00Q 1433. (b) Huang, H.; Remsen, E. E.; Kowalewski, via a “ship in bottle” synthesis.
T.; Wooley, K. L.J. Am. Chem. Sod.999 121, 3805.
(5) (a) Decher, GSciencel997, 277, 1232. (b) Keller, S. W.; Johnson,

S. A.; Brigham, E. S.; Yonemoto, E. H.; Mallouk, T. £.Am. Chem. Soc.

processes are reversible and depend on the exterior environment.

1995 117, 12879. (c) Mendelsohn, J. D.; Barrett, C. J.; Chan, V. V.; Pal, For applications as nanoreactors a permanent adjustment of the

A.J.; Mayes, A. M.; Rubner, M. RLangmuir200Q 16, 5017. (d) Hammond,
P. T. Curr. Opin. Colloid Interface Sci200Q 4, 430.

physicochemical properties of the interior is desired. This could

(6) (a) Radchenko, I. L.; Sukhorukov, G. B.; Leporatti, S.; Khomutov, D€ achieved by inclusion of macromolecules because the capsule

G.; Donath, E.; Mbwald, H.J. Colloid Interface Sci200Q 230, 272. (b)
Caruso, F.; Caruso, R. A.; Mevald, H.Sciencel998 282 1111. (c) Dubas,
S. T.; Schlenoff, J. BMacromolecules1999 32, 8153. (d) Feldheim, D.
L.; Grabar, K. C.; Natan, M. J.; Mallouk, T. B. Am. Chem. Sod.996
118 7640.

(7) Sukhorukov, G. B.; Diane, L.; Hartmann, J.; Donath, E.; WMwald,
H. Adv. Mater.200Q 12, 112.

(8) Moya, S.; Sukhorukov, G. B.; Auch, M.; Donath, E.;"Meald, H.
J. Colloid Interface Scil999 216, 297.

10.1021/ja002911e CCC: $20.00

wall is impermeable for polymers whereas monomers penetrate
the wall easily. Exploiting this property, we have developed a
general procedure for loading the capsules by a “ship in bottle”
synthesis (Figure 1). Different polymers and functionalized
copolymers have been synthesized inside the capsules from
water-soluble anionic, cationic, and neutral monomers. This will
be demonstrated by polymerization of sodium styrene sulfonate
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Scheme 1.Reaction Scheme and Formulas of the Chemical
Materials Used|
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a Polymerization of sodium styrene sulfonate (SS) to PSS initiated
by thermal decomposition of potassium peroxodisulfai8,Rs; PAH

fluorescence intensi

= poly(allylamine), MRho = methacroyloxyethyl thiocarbamoyl xy-position [um]
rhodamine B. 5 pym
e ]
(SS) to sodium poly(styrenesulfonate) (PSS, Scheme 1) as the c) d
model system. Figure 2. CLSM images taken at the equatorial plane of the capsules:
(a) hollow capsules (electrostatic adsorption of rhodamine 6G was used
Experimental Details for the visualization); (b) capsules filled by copolymerization of a 0.5

M SS solution and MRho (the unfilled capsule is broken); (c)
homogeneously distributed MRho-PSS in one capsule; and (d) fluores-
cence intensity profile along a line through the capsule center.

Capsule Preparation.Hollow capsules were prepared as described
in the literature (Figure 1).Monodisperse sphered & 5.94 um) of
weakly polymerized melamine-formaldehyde resin (Microparticle
GmbH) were covered by 9 layers of PSS (MW 70 000 gth@\ldrich)
and poly(allylamine hydrochloride) (PAH, MW 70000 g mal
Aldrich). The resin core was dissolved in 0.1 M hydrochloric acid and
the remaining capsules were thoroughly washed with water until pH 6

Photochemistry. The photochemical bleaching of the capsule interior
was performed by the ArKr ion laser of the CLSM. The laser beam of
488 and 568 nm was focused with full power onto individual capsules.
Afterward images of the capsules were taken at reduced laser power.

Wa;;ff::fg nthesis in the Capsule Interior. Polvmerization was At usual scanning conditions the laser beam bleached the rhodamine
Y 4 IS psu lor.molymerization w dye less than 0.5% per scan.

carried out at various SS concentrations in the presence of capsules . o
for 4 h at 80°C under nitrogen atmosphere according to standard sizg(tjhel;)IMgtrc;d\?\}azhgeTe?Ir?\?#é?jr ;V elgglt d;t;t;:?% rr'] ocfht::)i]?;gtr:z' h
procedures in the literatuf&As initiator 1% potassium peroxodisulfate, poly ; Y g€l pe graphy
related to the monomer concentration, was used. Optically sensitive (Thermo Separation Products). A combination of the cqumns_HEMA—

' BIO 40/100/300/1000 was used. The polymer concentration was

polymers were prepared by copolymerization of SS and 0.5 mol % - U - -
methacroyloxyethylthiocarbamoyle rhodamine B (MRho, Scheme 1, determined by a refractive mdexldetector Shodex RI-71 calibrated with
PSS standard samples (Polyscience).

Polyscience) in 20% methanol. After polymerization, the capsules were L . .
Y ) poy p The number of capsules for the titration was determined using a

separated from the PSS in the bulk solution by centrifugation. Several ) . . ;
washing cycles with water followed (Figure 1). noncommercial apparatus for Single Particle Light Scattéfinthe
PSS polymer was titrated with the positively charged dye acridine

Confocal Laser Scanning Microscopy.The size, integrity, and . ) - .
degree of filling of individual capsules were determined by an inverse orange, Wh'Ch blnd§ efflcn_antly to th_e negative sulf_onate gropdter
each titration step including 20 min incubation time, the supernatant

nfocal Laser nning Micr LSM, Lei rmany) with . - .
Confocal Laser Sca g Microscope (CLSM, Leica, Germany) wit was separated by centrifugation and its fluorescence was measured.

either a 106 or a 40« oil immersion objective with a numerical The measurements were done on a plate reader HTS 7000 (Perkin-
aperture of 1.4. The capsules were visualized by electrostatic adsorption P ) :
Elmer). If the fluorescence of the supernatant increased, the equivalence

of the fluorescence dyes rhodamine 6G or fluorescein to the polyelec- .

trolytes and their complexes. From the image of the equatorial plane point was reached.

of the capsules (see Figure 2c), the amount of incorporated copolymer

was determined by integration of the fluorescence intensity in the

capsule interior using the LEICA software package. Synthesis The copolymerization of 0.5 M SS with MRho in
Scanning Force Microscopy. Scanning force microscopy was the presence of monodisperse hollow capsules (Figure 2a)

applied to capsules air-dried on freshly cleaved mica. SFM images haveyielded PSS with a molecular weight b, = 120 000 g mot*

been recorded at room temperature using a Dimension 3000 SFM L :
(Digital Instruments, Santa Barbara). Both tapping mode and contact !abeled at every 650th position with MRho. The capsules were

mode have been employed. Microlithographed tips on silicon nitride iSolated from the free polymers in solution by centrifugation
cantilevers with a force constant of 0.58 N/m were used. The contact and by four _sub_s,equent washing cycl_es with water. The
force between the tip and the sample was kept as low as possiblecopolymer, which is too large for permeating the capsule wall,

Results and Discussion

(<10 nN) and images were acquired in constant force mode. remained inside the capsules. Remains of monomers and
(9) Voigt, A.; Lichtenfeld, H.; Sukhorukov, G. B.; Zastrow, H.; Donath, (11) Leporatti, S.; Gao, C.; Voigt, A.; Donath, E.; Mwald, H.Eur. J.
E.; Baimler, H.; Mthwald, H.Ind. Eng. Chem. Re4999 38, 4037. Phys. E 2001 5, 73.
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ing, 2nd ed.; Mark, H. F., Ed.; Wiley & Sons: New York, 1988; Vol. 13,  Colloid Polym. Sci1997 104, 1148.
pp 708-867. (13) Muller, G.; Fenyo, J. CJ. Polym. Sci1978 16, 77.
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Figure 3. CLSM images of the same capsules (a) before and (b) after they were filled by polymeriZagidn\ SSsolution and (c) shrinking
of the capsules in b caused by the osmotic presstiee2oM polydimethyldiallylammonium chloride solution in the exterior.

oligomers were “dialyzed” from the capsules by incubation for pressure of the sodium counterions in the capsule interior. This
7 hin pure water. The CLSM image shows that the synthesized osmotic effect can be used for controlling the swelling and
MRho-PSS copolymer is captured in the interior of the capsules shrinking of capsules by means of an external counter-pressure.
whereas in the exterior solution the polyelectrolytes are com- Applying a 2 M poly(dimethyldiallylammonium) chloride
pletely removed (Figure 2b). Even after several months leakagesolution to the swollen capsules, the higher osmotic pressure
of capsules was not observed. The synthesized polymer isin the bulk caused a complete shrinking of the capsules (Figure
homogeneously distributed in the capsules, as demonstrated bysc). After the polymer was washed away, the capsule re-swelled
the confocal image in Figure 2c and the cross section of the to its initial size (Figure 3b). These “micro-mechanics” could
capsule (Figure 2d). However, the concentration of synthesizedbe useful for the construction of osmotically driven nanopumps
PSS is usually higher in the wall than in the interior of the or switchable stoppers for capillarities.

capsules (see Figure 3b). Modification of the Capsule Wall. The 4-fold increase of
The amount of PSS in the capsules was quantified by titration the capsule diameter is equivalent to an enlargement of the
of approximately 1®filled capsules with the positively charged  capsule wall surface by a factor of 16. Assuming a constant
dye acridine orange. The titration of capsules which were filled amount and density of polyelectrolyte complex in the wall, this
by polymerization in a 0.2 M SS solution yielded an average stretching would reduce the wall thickness from 15thto less
concentration of 0.12 M PSS. The concentration of PSS in than 1 nm, which is difficult to imagine. To investigate the wall
capsules filledi 1 M SSsolution was only 0.05 M. However,  thickness in dependence on the surface enlargement scanning
the capsules were swollen to 14n in diameter (see next  force microscopy was applied to dried capsules. During the
paragraph). Taking the initial capsule diameter of &7 into drying process the water evaporates from the interior and the
account, the concentration would have been 0.8 M which agreescapsules collapse. The remaining two walls of the empty
well with the polymer concentration in the reaction solution. capsules had together a height of 30 nm (Figure 4a), which is
The slightly decreased amounts compared with the startingin good agreement with previous measureméhfhe same
monomer concentration have been caused probably by a lossapsules filled with 0.1 M PSS showed an average height of
of small polymers (oligomers) from the interior during the 148 nm (Figure 4b). If 30 nm is attributed to part of the original
washing process. capsule wall, the additional 108 nm corresponds to dried,
By means of the polyelectrolyte concentration the ion strength synthesized PSS. From these numbers and the capsule diameter
in the capsule interior can be controlled selectively. Incubation the amount of PSS can be estimated. For the individual capsule
of the filled capsules in solutions of various salts led to an shown it was approximately 85% of that have expected from a
complete exchange of the PSS counterions in the capsule againsioncentration of 0.1 M PSS in the capsule.
the ions in solution. In the case of protons a high concentration  the wall thickness of the swollen capsules filled by poly-
could be achieved in the absence of other ions, which allows qarization ¢ a 1 M SSsolution can be determined after the
the pH to be adjusted in the capsule interior down+®82ina 4| was ruptured by means of sonication and subsequent
neutral, salt-free bulk solution. The opposite effect of a pH yashings to remove the released PSS. The dried remains of the
difference between a PSS bulk solution and the interior of the ¢ansyle wall had a thickness of 12 nm (Figure 4c), which is
hollow capsules was reported already in the literattire. only slightly smaller than the original wall thickness despite of
Osmotic Effects.As shown in panels a and c of Figure 2, - the 16-fold increase in surface area by the swelling. Therefore,
the diameter of capsules filled with 0.5 M PSS is about 15% 4 remarkable amount of the synthesized PSS was either adsorbed
smaller than the diameter of the original hollow c.apsules. Itis on the wall surface or intertwined in the polyelectrolyte layers
known that hollow PAH/PSS capsules shrink at higher temper- 55 shown in the scheme in Figure 5. Due to the repulsion of
atures: In a reference experiment the temperature conditions {he negative charges the PSS chains stick into the solution like
of the synthesis were applied to capsules in water, resulting in 5 prysh. The assumption of a high PSS content around the wall
a reduction of the capsule diameter by more than 40% of the j5 ¢onfirmed by the CLSM image (Figure 3b) showing a larger
original size. The less shrinking of the filled capsules indicates amount of synthesized MRho-PSS copolymer in the capsule wall
an additional process working in the opposite direction. Indeed, than in the interior. The explanation of the enrichment of PSS
synthesis of PSS in concentrations above 0.6 M even increasedn and on the capsule wall is provided by considering the 2-fold
the capsule diameter (Figure 3a,b) up to a factor of 4, before negative charged initiator-ion,Sg2~, which is adsorbed on the
the capsules burst. The strong swelling is induced by the osmoticyemaining positive charges at the wall surface and in the wall
(14) Sukhorukov, G. B.; Brumen, M.; Donath, E.; Moehwald JHPhys. interior. Due to the two negative charges this initiator ion has
Chem.1999 103, 6434. a higher binding constant to the wall than the competing SS
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Figure 4. SFM images and corresponding height profiles of dried capsules on mica: section profiles of (a) the hollow capsule, (b) the capsule
filled with 0.1 M PSS, and (c) the broken capsule that was originally filleth itV PSS. After the capsules were broken the polymer was washed
away from the interior.

ions. The higher initiator concentration in the wall results in a yielded at low dye concentration a strong adsorption in the
larger polymerization rate than in the bulk solution. capsule wall. The addition of a larger amount of dye resulted
An intertwining of the polyelectrolyte complex wall with PSS in an inhomogeneous distribution of the dye in the capsule wall.
chains increases the bounded negative charges in the wall. Thdslands were formed which consist probably of the hydrophobic
capsules become similar to an ion exchange membrane (Figuredye—PSS complex. This was accompanied by an increase of
5). As a result of this modification, the capsules become porosity. Panels a and b in Figure 6 show the surface and the
selective toward the charge of the ions. This was demonstratedcross section of such capsule. After the formation of large
for the positively charged rhodamine 6G and the negatively pores the captured polymers were released into the bulk solution.
charged fluorescein. Both dyes were well adsorbed at the In contrast, even a large excess of the negatively charged
nonmodified initial capsules. An excess of the dye molecules fluorescein did not result in adsorption. The fluorescein also
permeates immediately into the capsules, yielding the samedid not readily permeate the negatively charged capsule wall
fluorescence intensity inside and outside the capsules. The(Figure 6c¢). Only after several hours were a small number of
treatment of the charged capsules with rhodamine 6 G, however,the fluorescein molecules found inside the capsules (Figure 6d).
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Figure 5. Model of increased polymerization rate in and on the wall

due to surface adsorption of the initiator (I) counterions. The resulting
walls are intertwined with PSS chains such as an ion exchange
membrane with a brush of PSS chains sticking in solution due to the
electrostatic repulsion.

—_—
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Figure 6. Treatment of the negatively charged walls with equivalent
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Figure 7. Photochemistry in capsules filled with 0.5 M MRho-PSS
copolymer: (a) all capsules contained the same amount of rhodamine
molecules; (b) capsule 1 was selectively irradiated for 2 min with the
focused laser beam of the CLSM resulting in an decrease of the original
fluorescence to 40%; and (c) capsule 3 was irradiated for 4 min, which
decreased the rhodamine amount to 15% of the original value.

shown in Figure 6d was about 350 nm, which confirms the
model of a highly charged wall with a PSS brush on top (Figure
5).

Photochemistry in Microreactors. The incorporation of
copolymers containing photoactive groups such as fluorescent
dyes, photoinitiators, or azocompounds allows every capsule
to be selectively addressed by light and photoreactions to be
induced in the small capsule volume independent of the bulk
properties. The start and degree of the reaction could be
controlled by the wavelength and the light intensity. This was
demonstrated by photobleaching the MRho-PSS copolymer.
Three capsules filled with the same amount of 0.5 M MRho-
PSS (Figure 7a) were irradiated independently with the focused
laser beam of the CLSM. First, capsule 1 was bleached for 2
min reducing the amount of the rhodamine to 40% (Figure 7b).
In the second step, capsule 3 was irradiated for 4 min, yielding
only 15% of the original fluorescence intensity. In this way the
initially identical capsules could be selectively marked. The
photobleaching is one of the simplest reactions, but photo-
polymerizatioR® or catching bioactive compounds via insertion
reactions of nitrenes by photodecomposition of aZitisisould

amounts of organic cations leads to the formation of hydrophobic islands WOrk in a similar way.

and many pores, through which the interior material is immediately
released: (a) surface and (b) cross section through the center of
capsule, filled wih 1 M PSS and treated with an excess of Rho 6G

a

Summary
The incorporation of functionalized polymers into polyelec-

and (c) treatment of the same capsules with the anionic dye f|U0resceintr0|yte microcapsules provides new opportunities for tuning the

and (d) afte4 h incubation time. From panel d an overall wall thickness
of 350 nm was estimated.

A further remarkable result was the wall thickness of the

(15) (a) Ulbricht, M.; Richau, K.; Kamusewitz, iolloids Surf. AL998
138 353. (b) Ketley, A. DJ. Radiat. Curingl982 9, 35. (c) Amirzadeh,
C.; Schnabel, WMakromol. Chem1981, 182, 2821.

(16) (a) Gritsan, N. P.; Yuzawa, T.; Platz, M.5 Am. Chem. So&997,

modified capsules in solution. The wall thickness of the capsule 119, 5059. (b) Fleming, S. ATetrahedron1995 51, 12479.
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physicochemical properties of the capsule interior in a wide polymers in and on the capsule wall, it can be strongly charged
range. A general method for polymer incorporation is a “ship like an ion exchange membrane. The charging results in an
in bottle” synthesis from small monomers, which can easily increase in thickness. The walls become sensitive to the
permeate the capsule wall. The captured polymers modify the adsorption and permeation of organic ions. While oppositely

properties of the interior permanently independent of the bulk charged ions destroy the capsule wall and release the interior
properties. The number of polymers in the interior correlates material, ions of the same charge are excluded from the
with the initial monomer concentration before polymerization.  5ysorption or penetration through the capsule wall. The labeling
The incorporation of polyelectrolytes in the capsules enables of the captured polymers by photoactive substances allows a

Fhe s_elecnve control of lon strength, pH, viscosity, etc. in the selective light-guided addressing of each capsule. Various
interior. These properties can be used for acid-catalyzed . . -
photoreactions can be induced. Due to the novel tailored

reactions or for selective nucleation and precipitation of organic . o L oo
precip g properties and the almost unlimited variability of the modified

acids in the capsule interior. A high concentration of polyelec- - .

trolytes increases the osmotic pressure inside the capsules t§2PSules, these are very promising candidates for use as cages
such an extent that swelling of the capsules up to 4 times in for co.ntrolled phemlcal rgactlons or for selective precipitation
diameter occurred. If a counter-pressure from the bulk solution Of solid materials in confined systems.

is applied, the capsules exhibit reversible collapsing, which

might be useful in micromechanics. Due to the synthesis of JA002911E



