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ABSTRACT: Hollow polymer-based particles are useful for
the encapsulation, protection, and release of active com-
pounds. Adding a metal—organic coordination framework
shell to nanocontainers is an attractive goal because it should
help control their stability and permeability while yielding
new properties and functions. We have discovered that
polymer capsules with a Prussian blue analogue inner shell
can be synthesized by emulsion-induced assembly of a metal-
containing amphiphilic block ionomer. The capsules are
selectively permeable and were used as nanocontainers to
encapsulate and release a model compound. Further, these
nanomaterials are tunable in size and organize into 2-D close-
packed arrays in the solid state. Potential applications for
these materials include the encapsulation and nanopatterning
of pharmaceutical, biological, and catalytic compounds.

Metallopolymers were reported as early as 1955," but pro-
gress in this field was slow until the 1990s, when improved
synthetic methods were developed to access soluble, characteriz-
able, and processable macromolecules.” Metal-containing block
copolymers are especially advantageous because they can be made
to assemble into a variety of inorganic nanostructures.” ’ In
particular, these have been used as Frecursors for ceramics,®’ for
self-assembled nanolithography,'®"" and in the synthesis and
patterning of nanoparticles and metal clusters.""'>

Organic block copolymers have been extensively investigated
as functional nanocontainers to encapsulate, protect, and release
active compounds.>™"> Cross-linking the polymer shells is
important because it confers stability and controlled permeability
to the aggregates.'®'” New properties and functions have been
achieved by incorporating inorganic species inside the walls of
block copolymer vesicles'®'® and other types of nanocapsules.”**'
However, we have found no report of hollow nanostructures made
of coordination frameworks. Materials of this type are attractive
because they possess controllable microporosities, high surface
areas, good mechanical and thermal stabilities, and exciting
electronic and magnetic properties.”> > A few guest compounds
have been included within solid coordination framework nano-
particles, and these have been investigated for drug delivery and
light harvesting.**>® Accessing hollow coordination frameworks
could significantly broaden the range of active compounds that can
be encapsulated.
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Prussian blue analogues (PBAs) are a family of metal—organic
coordination frameworks constructed from metal ions bridged
by cyanide ligands.”> Nanomaterials have been constructed from
PBAs through a variety of approaches.””** PB has been inter-
calated into surfactant multibilayer vesicles that were immobi-
lized within a polymer matrix,>* and it has been polymerized on
the periphery of block copolymer micelles.***” Unfortunately, in
the latter case, hollow nanostructures could not be accessed by
removal of the organic core.

Oil-illed organic nanocapsules have been prepared by emul-
sion-induced assembly of a triblock copolymer,38 but, to the best
of our knowledge, this technique has never been applied to
metal-containing block copolymers.

Recently, we described the synthesis and self-assembly of a
novel metal cyanide block ionomer that can be cross-linked into
worm-shaped PBA frameworks.>* Here, we use similar metal-
containing block ionomers to fabricate soluble metal—organic
capsules (MOCs) made of a PBA through emulsion-induced
assembly. We also report the encapsulation of methylene blue, a
dye molecule, inside the structures.

Our approach to PBA capsules is illustrated in Figure 1. We
first synthesized the two block ionomers, BI-30 and BI-75. They
had one segment of 270 styrene units and another segment of 30
and 75 monoquaternized 4,4’ -bipyridinium-functionalized 2-hy-
droxyethyl methacrylate units, respectively. BI-30 and BI-75
were then reacted with Na;[Fe(CN);NH;] and 18-crown-6 in
THF (10% v/v H,0) to yield the pentacyanoferrate(II) block
ionomers Fe-BI-30 and Fe-BI-7S, respectively. The deep blue
materials are soluble in THF, benzene, toluene, and most
halogenated solvents.

Addition of chlorobenzene to the stirring THF (10% v/v H,0O)
mixtures induces a water-in-oil emulsion, which is promptly
stabilized by Fe-BI-30 or Fe-BI-75 present in solution. We
expected the amphiphilic macromolecules to position themselves
at the water—oil interface of nanosized water droplets and pre-
vent the dispersed aqueous phase from coalescing. We ad-
ded Zn(NO;), in THF to the emulsion to cross-link the
[Fe(CN)s]*> -containing shells into PBA-type frameworks.*
THEF was finally removed from the organic phase by aqueous
extraction. The solvent-filled capsules ZnFe-MOC-30 and ZnFe-
MOC-75 were obtained as clear burgundy chlorobenzene solu-
tions upon standing over activated molecular sieves. A polystyrene
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Figure 1. Synthetic approach to soluble block ionomer—PBA capsules through emulsion-induced assembly. Photographs of Fe-BI-7S and

ZnFe-MOC-75 are included as a visual reference for the color change.

Figure 2. Microscopy characterization of the polymer aggregates. (a)
TEM micrograph of the Zn-cross-linked Fe-BI-75 nanoring structures
observed before the emulsion-induced assembly. (b,c) TEM micro-
graphs of the deformed Fe-MOC-75 and the ZnFe-MOC-75 hollow
aggregates, respectively. (d) SEM micrograph showing a mixture of
partially and fully collapsed hollow capsules for ZnFe-MOC-75. (e)
High- and (f) low-magnification TEM micrographs of ZnFe-MOC-30.

corona renders the cross-linked spheres soluble in many organic
solvents, including chlorobenzene, benzene, toluene, THF, and
chlorinated hydrocarbons.

In THF (10% v/v H,0O), Fe-BI-30 and Fe-BI-75 assemble
into nanoworms and nanorings, respectively. Figure 2a shows the

Zn-cross-linked Fe-BI-75 nanorings obtained by drop-casting on
a transmission electron microscopy (TEM) grid. A small propor-
tion of spherical micelles and short nanoworms is also typically
observed. Figure 2b shows the unlinked Fe-MOC-75 materials
formed by emulsion-induced assembly. The micrograph suggests
that these are deformed hollow capsules. Circular nanostructures
are observed after cross-linking the [Fe(CN);]®~ terminal
groups with Zn*t (Figure 2c), which is consistent with a more
rigid inner shell.

We used scanning electron microcopy (SEM) and atomic
force microscopy (AFM) to confirm that the aggregates are in-
deed round and hollow. A mixture of partially and fully collapsed
spherical capsules is observed by SEM for ZnFe-MOC-75 in
Figure 2d. Topographic and height profile images of isolated
capsules were obtained for Fe-MOC-75 and ZnFe-MOC-75
(see Supporting Information (SI)) and verify that the aggregates
are not toroids. These AFM results are consistent with the poly-
meric materials being pseudo-spherical capsules with a collapsed
hollow core.

The capsules are stable for days in solution, as confirmed by
TEM, and can even be diluted in THF/water mixtures without
any observable morphology change.

The average inner diameter of the spheres for ZnFe-MOC-75
is 137 = 43 nm. Figure 2ef shows that smaller and nearly
monodisperse hollow capsules (53 &= S nm) are obtained for
ZnFe-MOC-30 by sonicating Fe-MOC-30 before cross-linking.
Figure 2e suggests that ZnFe-MOC-30 may be assembling into a
close-packed array upon solvent evaporation. Fast Fourier trans-
form (FFT) analysis of the low-magnification image in Figure 2f
reveals that the frequency spots distribute in a circular band. This
implies a close-packed superlattice with no single domain of
organization.

We were able to image Fe-MOC-75 hollow structures pre-
pared around the solution cloud point (~78% v/v THF, 15% v/v
chlorobenzene, 7% v/v H,0O; SI, Figure S10). This result also
supports an emulsion-induced mechanism for the formation of
the capsules.

In chlorobenzene, Fe-MOC-75 is purple owing to a metal-to-
ligand charge-transfer transition centered at ~600 nm (SI, Figure S4).
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Figure 3. Encapsulation inside block ionomer—PBA capsules. (a) The
synthetic approach to encapsulating the model compound MB inside
the aggregates. (b) Photograph of MB@ZnFe-MOC-75 in chloroben-
zene after stirring with water for 24 h. (c) UV—vis absorption spectra of
MB in water (solid line), and MB@ZnFe-MOC-75 (dashed line) and
ZnFe-MOC-75 (dotted line) in chlorobenzene. The absorbances were
normalized to facilitate comparison between the spectra. (d) UV—vis
absorption spectra of MB@ZnFe-MOC-75 in pure chlorobenzene
(solid line), in chlorobenzene with 25% v/v MeOH (dotted line), and
in chlorobenzene after extraction of the MeOH (dashed line).

This band, still present for ZnFe-MOC-75, is blue-shifted by
70 nm (relative to Fe-MOC-75) to ~530 nm after addition of
Zn>T, confirming that the [Fe(CN) s>~ complex s still coordi-
nated to the block ionomer. These data support the conversion of
the block ionomer-tethered iron cyanide complexes into an
extended PBA-type metal—organic coordination framework.*>**
Similar transitions were measured for ZnFe-MOC-30.

Further evidence for the connectivity of the PBA network was
obtained by IR spectroscopy and energy-dispersive X-ray analysis
(EDX) of the solid materials. IR spectra of the different polymer
aggregates consistently show peaks attributable to both organic
blocks and the pentacyanoferrate(Il) complex. Of part-
icular interest is the energy of the vy stretching band, which
is diagnostic of the coordination environment for the iron
cyanide complex. The approximately C,,-symmetric precursor
Naz[Fe(CN)sNH;] exhibits three vy stretching modes, with
the strongest band at 2030 cm ™. Exchanging the amine with the
strong 7t-accepting 4,4’ -bipyridinium ligand upon complexation
of the block ionomer results in a 20 cm ™ * blue shift for the vy
stretching mode to 2050 cm ™ '. Cross-linking Fe-MOC-30 and
Fe-MOC-75 into zinc—iron cyanide framework shells broadens
and shifts the vy stretching band to even higher energies
(2078—2082 cm ™ '). This broadening and blue shift is a well-
established trend for cyanide ligands switching from a terminal
mode to a bridging one, as expected for the formation of PBA-
type frameworks.*>*! In addition, EDX confirmed the incorpora-
tion of both Zn and Fe in the polymer aggregates.

Able to reproducibly prepare cross-linked MOCs, we next
investigated the encapsulation of methylene blue (MB), a
prototypical water-soluble compound (Figure 3a). We selected
the charged organic molecular dye MB because it has an easily

recognizable solution absorption band at ~650 nm (Figure 3c).
An aqueous solution of MB was first added to Fe-BI-30 or Fe-BI-
75 in THF (10% v/v H,0), followed by chlorobenzene addition
to induce the water-in-oil emulsion. The solvent-filled aggregates
were then cross-linked with Zn(NO3),, and the non-encapsu-
lated MB was extracted by washing the organic phase with water
until no blue color was observed in the aqueous phase.
MB@ZnFe-MOC-30 and MB@ZnFe-MOC-75 were obtained
as clear blue chlorobenzene solutions upon standing over
activated molecular sieves.

Figure 3c shows the normalized UV—vis absorption spectra
for ZnFe-MOC-75 and MB@ZnFe-MOC-75. In the latter
spectrum, the much stronger absorption of MB overwhelms that
of ZnFe-MOC-78, and only absorptions due to MB are observed
in the range 500—800 nm. The band is much broader and has a
different shape when compared with that of MB in aqueous
solution. The absorption spectrum is, in fact, analogous to the
one measured for a MB film deposited on a silica surface.*” MB
most likely precipitates inside the capsules during the encapsula-
tion process, and a broad solid absorption spectrum is recorded.

We also explored the possibility that MB might be trapped
inside the PBA network or precipitated within the polystyrene
corona and not actually encapsulated inside the capsule.
As a control experiment, we first cross-linked Fe-BI-7S with
Zn(NOs), in the presence of MB and then induced the water-in-oil
emulsion with chlorobenzene. After thorough washing, we
verified by TEM that nanoring structures were obtained and
confirmed that no MB was observed by UV—vis absorption
spectroscopy.

MB@ZnFe-MOC-75 and MB@ZnFe-MOC-30 (in chloro-
benzene) can be stirred with water for days with no transfer of the
blue color into the aqueous phase (Figure 3b). Furthermore, we
detected no change in the absorption spectrum, indicating that
water does not cross the hydrophobic polystyrene corona to
solvate MB.

A different behavior is obtained with methanol, which rapidly
and noticeably changes the color of the MB@ZnFe-MOC-75
and MB@ZnFe-MOC-30 solutions (Figure 3d). A narrower and
much more intense absorption band is observed after the
addition of 25% v/v MeOH to MB@ZnFe-MOC-75 in chlor-
obenzene (dotted line) when compared with the pure chlor-
obenzene solution (solid line). The spectrum for the methanol/
chlorobenze solvent mixture is very similar to the MB solution
spectrum and suggests that methanol molecules can cross the
polystyrene and zinc—iron cyanide framework barriers and
solvate MB inside the capsules. TEM confirmed that the majority
of the hollow structures remained intact after addition of
methanol, although we observed that some ruptured, probably
due to rapid uptake of methanol into the core. The methanol was
extracted from the organic phase by washing with water, and a
blue aqueous phase was obtained. The UV—vis spectrum of
MB@ZnFe-MOC-75 in chlorobenzene after extraction of the
methanol shows that most of the MB was removed from within
the capsules in the process (dashed line; only a very weak MB
solid-state transition is observed). Thus, the dye can be selec-
tively released from the MOCs with methanol but not with water.

In summary, we report the first example of soluble PBA-type
capsules and the encapsulation of a water-soluble model com-
pound in its core. We stabilized a water-in-oil emulsion with an
assembled iron cyanide block ionomer that we cross-linked into a
metal—organic framework. The nanoscale hollow aggregates are
tunable in size, are stable in solution for days, show selective
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permeability and release capability, and assemble into close-
packed superlattices on surfaces. These nanomaterials could be
useful to encapsulate and nanopattern active compounds for
applications such as drug delivery, sensor arrays, and catalyst
immobilization and organization. In addition, based on the
diversity of the PBA family, we envision that this approach will
provide a convenient route to capsules with tunable magnetic,
optical, and electronic properties.
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