
Water-Soluble Knedel-like Structures: The
Preparation of Shell-Cross-Linked Small Particles

K. Bruce Thurmond II, Tomasz Kowalewski, and
Karen L. Wooley*

Department of Chemistry, Washington UniVersity
St. Louis, Missouri 63130

ReceiVed April 19, 1996

There is currently great interest in the preparation and study
of new classes of polymeric materials. This interest is largely
based upon the potential that these materials hold for new and
advanced physical, chemical, and mechanical properties. Specif-
ically, the design and synthesis of novel macromolecular
architectures (e.g., stars,1 dendrimers,2-4 hyperbranched,5 mac-
rocycles,6 rotaxanes,7 two-dimensional sheets,8 etc.) has suc-
cessfully created products possessing unusual behavior, in
comparison to traditional linear polymers. Dendrimers have
received considerable attention as globular structures that can
be prepared with controlled functionality. For example, en-
capsulation has been demonstrated for rigid sphere9 and
micellar10 dendrimers, which can act as carrier systems. Many
other biochemical and materials applications have also been
targeted. However, some of the difficulties associated with
dendrimers are their costly and time-consuming syntheses as
well as their limited growth. As reported herein, we have
designed a method for the preparation of low-polydispersity
globular macromolecules bearing unique structure and func-
tionalization, composed of an immobile but permeable cross-
linked peripheral layer and a mobile non-cross-linked core
region. Such structures resemble dendrimers by having a large
number of peripheral functionalities, a penetrable core, and
globular shape, but are capable of larger scale production and
nanometer-size diameters in only three synthetic steps. The
method simply involves a combination of linear polymer
synthesis and self-assembly, and the resulting shell-cross-linked
knedel-like11 (SCK) particles appear to be a hybrid between
dendrimers, hollow spheres, latex particles, and block copolymer
micelles.
The micellar organization of block copolymers composed of

blocks with different solubility properties is well-known to occur
when the block copolymer is placed into a selective solvent
system at the appropriate concentration.12 The morphology of
the micellar aggregates has been shown to differ depending upon
the block copolymer block lengths and concentration.13 The
unique design of the SCK synthesis is that the incorporation of
cross-linkable functional groups along the peripheral block of

the micelle allows for polymerization of the exterior14 layer
(Figure 1) and gives stability to the micellar assembly.15 This
results in the novel SCK’s,1, where each of the core polymer
chains are covalently-attached to the cross-linked, web-like shell.
The method of preparation is also extremely attractive because
the rigidity, reactivity, size, shell thickness, core diameter,
penetrability, and stability of the structures may be easily
controlled through variation of the cross-link density, the cross-
linkable-block length, and the composition and properties of
the block copolymers.
To demonstrate the synthesis, a block copolymer of poly-

styrene and poly(4-vinyl pyridine), PS-b-PVP, was prepared by
anionic polymerization under argon, in which the PS block was
ofMw ) 4900,Mw/Mn ) 1.14 (from GPC based on polystyrene
standards) and the PVP block was ofMw ) 5800 (based on1H
NMR, due to GPC column affinity problems). In this case, the
PS serves as the hydrophobic block and PVP is quaternized to
generate the hydrophilic block and to introduce the cross-
linkable group. Reaction of the PS-b-PVP with p-(chloro-
methyl)styrene proceeds in tetrahydrofuran with the addition
of increasing amounts of methanol as the extent of the formation
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Figure 1. Schematic representation of the basic approach for the
formation of SCK’s. Micellization of amphiphilic2 is followed by cross-
linking through the styrenyl side chains located in the peripheral aqueous
layer to yield1.

Figure 2. Tapping mode AFM images of monolayer aggregates of
SCK’s, 1, on mica: (a) 3D rendering of a surface profile; (b) “error
signal” AFM image of the surface shown in part a;19 (c) vertical profile
of the aggregate shown in part a.
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of the quaternized pyridinium salts increases. Precipitation into
hexane affords2 as a green powder. Solubilization of2 in a
mixture of 30% THF/H2O at a concentration of 10-5 M results
in the formation of micelles. The THF is then removed by
evaporation.
Stabilization of the micellar organization and generation of

1 is then accomplished by the addition of a water-soluble radical
initiator, 4,4′-azobis(4-cyanovaleric acid), to the reaction mixture
and irradiation at 254 nm for 24 h (Scheme 1). Therefore, the
cross-linking is through polymerization of the styrenyl side chain
groups, and only occurs in the peripheral aqueous layer of the
micelles.
Before cross-linking, freeze-dried micelles of2 are not water-

soluble, but are soluble in a mixture of water and THF. The
1H NMR spectrum of2 in a D2O/THF-d8 solvent system
displays resonances for protons of the entire copolymer.
Although the SCK’s appear to remain in solution within D2O
after cross-linking, no resonances are observable by1H NMR.
Interestingly, only the resonances for polystyrene are observed
following addition of THF-d8 to the D2O solution of1, thus
confirming the cross-linking within the PVP block, the perme-
ability of the outer PVP shell, and the mobility of the polystyrene
core. Presumably, it is only the polystyrene of the core that is
being solubilized, since no resonances for the PVP are observed.
Once1 is dried or freeze-dried, it is no longer soluble in previous
solvents, for example H2O, H2O/THF, methanol, or methanol/
methylene chloride, even upon sonication. The loss of apparent

solubility may be due to further cross-linking or intermolecular
cross-linking that can occur in the solid state because of the
presence of remaining radical initiator. Alternatively, the lack
of solubility may be due to a change in the surface groups upon
solvent removal. Experiments using lyoprotectants (e.g., sugars)
are being investigated.
Fluorescence studies using pyrene in water determined the

critical micelle concentration of2 to be 2 × 10-7 M. A
detectable cmc was not found for1, which along with solubility
properties and1H NMR observations confirms that cross-linking
did indeed occur.
Two glass transition temperatures were observed for1 at 103

and 129°C, indicating the presence of two domains for the
polystyrene and PVP blocks; theTg’s of 2 were observed at
102 and 132°C.
The size and shape of the SCK’s was determined by tapping

mode atomic force microscopy (AFM). As shown in Figure 2,
the structures are approximately spherical with diameters ofca.
23 nm16 and narrow size distribution. SCK’s deposited on mica
exhibited a tendency to organize into relatively regular ag-
gregates, similar to those observed for polymer latex particles.17

Due to the distribution of sizes, the aggregates showed only
short-range “order” resembling local hexagonal packing of
perfectly spherical monodisperse motifs. The ability of1 to
form monolayers of such aggregates indicates that cross-linking
of the exterior layer proceeds only through intramicellar
polymerization with little or no intermicellar reaction. This
observation is consistent with the apparent retention of water-
solubility for 1. In addition, the presence of the PVP on the
surface of1 is supported by preliminary contact mode AFM
studies, which indicate that under the lateral force exerted by
the AFM probe tip, the surface deforms more easily than the
surface of PS latex particles.
In conclusion, micellar organization of amphiphilic block

copolymers followed by intramicellar cross-linking of the
peripheral block has lead to the preparation of a new material
possessing a unique macromolecular architecture. Characteriza-
tion of solubility properties, solution-state1H NMR spectra,
fluorescence studies, DSCmeasurements, and AFM images have
confirmed the knedel-like, aqueous-soluble, amphiphilic, shell-
cross-linked structure. Further characterization by solid-state
NMR is currently in progress. The SCK’s may find application
in the removal of hydrophobic contaminants from aqueous
solutions, and since they resemble hollow-sphere polymers, they
may be used in applications as varied as recording materials,
hydraulic fluids, or delivery processes where diffusion from a
mobile solvating core through a uniform shell thickness18 is
desirable. Other potential applications include catalysis, phase
transfer reactions, solvation, coatings, fillers and reinforcement
agents for plastics, chromatography, etc.
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Scheme 1. The Cross-Linking Reaction of the Styrenyl Side
Chain Groups of the Poly(4-vinyl pyridine) Block of the
Amphiphilic Block Copolymer2, Initiated by the Photolytic
Degradation of 4,4′-Azobis(4-cyanovaleric acid) as the
Water-Soluble Radical Initiator, To Yield the SCK’s,1
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