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xidations and reductions are impor-
tant reactions occurring in nature.?
A balanced concentration of redox-
active species is necessary in plants and
animals since these species can be both
beneficial, as for redox signaling,® and detri-
mental, as for oxidative stress in cells.** The
disulfide bond can be cleaved by a reduction,
and this reversible reaction plays an impor-
tant role in the conformation, and therefore
the activity, of many proteins. This principle
was transferred to synthetic materials with
disulfide bonds to yield mesoporous silica,®”
hollow particles? or liposomes® with redox-
responsive release. Other approaches for
the preparation of redox-responsive materi-
als based on quinone derivatives,'® supramo-
lecular chemistry,'" or the transition from
sulfides to sulfoxides and sulfones upon oxi-
dation in polymers were also proposed.'?
Another interesting redox couple is the
ferrocenium/ferrocene pair, as it was already
well explored for biosensor applications'> "2
and for redox-responsive self-healing in
host—guest polymers.'® Furthermore, ferro-
cene-containing polymers attracted a lot
of attention in the past decade due to their
promising combination of redox, mechani-
cal, semiconductive, photophysical, optoe-
lectronic, and magnetic properties.2°~2°
Since Manners' discovery of the living ring-
opening polymerization of ansa-metalloce-
nophanes”~? leading to polymers with fer-
rocenes in the polymer main chain, and the
improved anionic polymerization of vinylferro-
cene and ferrocenyl methyl methacrylates
leading to laterally bonded ferrocene poly-
mers,***" well-defined and high molecular
weight ferrocene polymers with interesting
properties were synthesized.
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ABSTRACT Nanocapsules composed of a

poly(vinylferrocene)-block-poly(methyl metha- Oxidation L ’

o . — *

crylate) shell and a hydrophobic liquid core are > Swelling* *

prepared in water. The nanocapsule shells > Release * | 4
PVFc-b-PMMA *

display a patchy structure with poly(vinylferro-

cene) patches with sizes of 25 - 3 nm surrounded by poly(methyl methacrylate). The functional

nanopatches can be selectively oxidized, thereby influencing the colloidal morphology and

introducing polar domains in the nanocapsule shell. The hydrophobic to hydrophilic transition in

the redox-responsive nanopatches can be advantageously used to release a hydrophobic payload

encapsulated in the core by an oxidation reaction.
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stimuli-responsive

However, up to now there is no report on
functional nanocapsules (core—shell nano-
particles with liquid core) based on a ma-
terial with ferrocene units. Nanocapsules
(NCs) have the advantage of keeping their
structural integrity compared to non-
cross-linked micelles that are subjected to
unimer/micelle equilibrium. Miniemulsion
droplets are typically used as templates for
the preparation of nanocapsules either of
organic®?*? or inorganic nature.>* Although
the miniemulsion systems can be adapted
to many different polymerization types,® it
is sometimes preferable to avoid reactions
in the miniemulsion droplets because the
product can be difficult to purify without
damaging the structural integrity or redu-
cing the stability of the colloids. Different
dispersion processes that do not involve
reactions were extensively reviewed by Tex-
ter for preparing organic submicrometer
particles.®® Building the dispersed phase of
a miniemulsion with a solution of polymer
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Figure 1. Schematics for the preparation of the NCs (a) with PVFc-b-PMMA, a polymer which can be subsequently oxidized (b).
TEM micrographs (c, d) and SEM micrographs (e, f) of the dialyzed NCs. In TEM, the microphase separation is evidenced by the
presence of dark domains (PVFc block) in the PMMA surrounding matrix.

instead of a liquid monomer avoids possible degrada-
tion of the nanoparticles' structure upon their purifica-
tion when the solvent in the dispersed phase can
be subsequently evaporated after the preparation
of the nanodroplets. Thus, it was possible to fabri-
cate unconventional polymer dispersions with semi-
conducting,’” polyamide 6,*® syndiotactic or isotac-
tic polystyrene,® and polystyrene-block-poly(methyl
methacrylate) nanoparticles (NPs).*® A valuable re-
dox-responsive nanoobject such as a nanocapsule should
also allow the triggered diffusion of substances en-
capsulated in its core upon a redox stimulus. This
represents one the most challenging tasks in colloid
science when the triggered release must be coupled
with the maintenance of the structural integrity and
colloidal stability of the nanocontainers. One promis-
ing answer to overcome this issue is the preparation of
patchy nanocapsules with responsive patches located
in the nanocapsule shell. Indeed, patches present in
the capsule shells can act as channels for the diffusion
of substances present in the core while keeping the
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structural integrity of the shell. Whereas patchy nano-
capsules from block copolymers were reported in
the literature, they presented neither functionality
nor responsive behavior.*® We aimed here at preparing
patchy NCs from redox-responsive PVFc-b-PMMA
block copolymers and monitoring the release of
guest-encapsulated substances from their cores upon
selective oxidation of the nanopatches.

RESULTS AND DISCUSSION

Preparation of the Patchy Colloids. For the preparation
of NCs, the redox-responsive PVFc-b-PMMA block
copolymer (see Figure 1a) was dissolved in dichloro-
methane containing a small amount of hexadecane
(a nonsolvent for the copolymer) and mixed with an
aqueous solution of SDS by stirring and ultrasonication.
After evaporation of the dichloromethane, opaque
yellowish dispersions of NCs were obtained. These
dispersions were later used for the oxidation experi-
ments (see Figure 1b). The average diameter of the NCs
was about 236 + 110 nm, as measured by DLS. It is well
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known that the size of the colloids can be adjusted by
the amount of surfactant in the system,*>*° but in the
case of NCs, great care has to be taken in order not to
induce acorn-like or hemispherical morphologies. The
absence of these morphologies can be ensured by
limiting the amount of surfactant in the emulsions to
avoid the stabilization of the hexadecane/aqueous
interface.®® The TEM micrographs evidenced the
core—shell structure of the NCs (Figure 1c, d); in the
SEM pictures some capsules appeared to be collapsed
under the preparation or the observation conditions.
The NCs were found to display a patchy structure
(see Figure 1c—f and Figure S1 for NPs) that could be
clearly detected by transmission electron microscopy.
The presence of nanopatches is verified by the SEM
micrographs, which revealed the presence of hetero-
geneities on the nanoscale on the NCs surface
(Figure 1e, f). No treatment with metal oxide vapors
was needed here due to the inherent contrast between
the PMMA and the PVFc phases caused by the pre-
sence of iron in the latter phase (darker phase). The
patches (25 £ 3 nm) originated from the microphase
separation between the PVFc and PMMA building
blocks in the polymer shell. Similar structures in NPs
have been obtained for weakly phase-separating poly-
styrene-b-poly(methyl methacrylate),*® polystyrene-b-
poly(4-vinylpyridine) block copolymers,*’*? blends of
polystyrene-b-polybutadiene with polystyrene,** and
polystyrene-b-poly(ferrocenylethylmethylsilane) block
copolymers,* but in monolithic NPs. Remarkably, in
our case functional patches of PVFc were created in
the shell of the NCs, which is an unprecedented case of
patchy colloids.

XPS measurements were employed to verify that
the vinylferrocene moieties remained stable upon
preparation of the NCs. As the amount of iron in NCs
is rather low, only signals with very low intensities
appeared in the survey spectrum (Figure S2). The XPS
measurements of the Fe2p photoelectron emissions
were hence performed for ~24 h. The shape of the
Fe2p area (Figure 2) indicated the presence of ferro-
cene (Fe' at 707.5 eV) and a weak signal for ferricenium
(Fe" at 710.5 eV).****® The ferricenium in the capsules
probably appeared during the measurement. Because
of the presence of ferrocene units in the functional
nanopatches, the nanocapsules are promising support
for oxidation reactions.

Selective Oxidation of the PVFc Nanopatches. It is well
known that PVFc can be oxidized by a variety of
oxidants.*”**® We used H,0, and KMnO, as oxidants
because they are water-soluble and they did not
influence the colloidal stability of the dispersions.
KMnO, offers the additional advantage of allowing
visual monitoring of the reaction by the control of
the color. Indeed, the color of the dispersion changed
from purple to brown in the first hour. After oxidation,
the average hydrodynamic diameter of the NCs
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Figure 2. Fe2p area in the XPS spectrum of the NCs.

measured by DLS increased from 236 to 310 nm when
treated with H,0,, and to 282 upon oxidation with
KMnO, (also see Figure S3a). We attributed the in-
crease of the hydrodynamic diameter to the oxidation
reaction: upon oxidation, the PVFc domains are con-
verted to poly(vinylferrocenium) domains that are
hydrophilic and therefore swollen in water. HPLC was
employed to follow the change of polarity of the block
copolymer upon oxidation. A shift to lower elution
volume was observed after oxidation of the nanocap-
sules (Figure S3b) and can be attributed to the higher
polarity of the copolymer with ferrocenium units com-
pared to the original copolymer. As expected, the shift
is irrespective of the oxidant. In parallel, significant
structural changes appeared on the surface of the
NCs after the oxidation (Figure 3 and Figure S4 for
NPs). In order to verify that the structural changes are
not introduced by the vacuum of the scanning electron
microscope or by drying effects, SFM experiments*’
under atmospheric conditions (50% humidity, room
temperature) were performed (Figure 3 and Figure S5).
Whereas the untreated NCs displayed only weak sur-
face irregularities with length scales comparable to the
size of the block copolymer domains, the surfaces of
the capsules oxidized with H,0, displayed indenta-
tions <10 nm in depth after oxidation (Figure 3b). Both
size and distances between the indents corresponded
to the size and distance between the PVFc domains
observed before oxidation. When the NCs were oxi-
dized with KMnO,, there were no holes but patches
presenting outgrowths 10—20 nm in height on the
surface (Figure 3c). The distribution of size of such
outgrown patches was broader than the distribution of
size of the indents, as were the distances between
them, but it still compared fairly well with the size
and distances between the initial nonoxidized PVFc
domains.

The proposed mechanisms to explain the structural
difference of the patches after oxidation depend on
the ability of the oxidant to diffuse in the shell. Upon
oxidation, the poly(vinylferrocenium) domains swelled
more or less, depending on the oxidant used. Due to
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Figure 3. The surface morphology of dialyzed PVFc-b-PMMA NCs changes from slightly rough before oxidation (a) to surfaces
presenting indents (b) or outgrowths (c) after oxidation with H,0, or KMnO,, respectively. For clarity we have displayed the
SFM height images twice: first row in 3D perspective view with back-light illumination and in the second row as standard
color-scale images. The z-scale bar is 750 nm (untreated), 200 nm (H,O, treated), and 500 nm (KMnO, treated), respectively.
In these images we have indicated with a black dotted line the topography profiles, which are presented in the bottom row.
The untreated sample shows a much smoother surface compared to the oxidated NCs. From such profiles we have
determined the range of the depths of the indents and the outgrowths.

its ionic character, MnO,~ is expected to diffuse
less rapidly than H,O, in the shell. The poly-
(vinylferrocenium) is therefore mainly created on the
surface, and because the polyvinylferrocene that is
buried in the patches cannot react anymore, the poly-
(vinylferrocenium) chains swell in water, pushing the
polymer shell outward. The volume is only locally
extended, and outgrowths are observed after drying
the sample. On the contrary, H,0, diffuses faster in the
shell, thus allowing a spatial rearrangement of the
poly(vinylferrocenium) chains. Because a spherical
shape is thermodynamically favored compared to the
formation of outgrowths, the rearrangement of the
poly(vinylferrocenium) chains leads to a slight increase
of the whole diameter of the NCs. Upon drying, the
poly(vinylferrocenium) chains collapse, leaving empty
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spaces in the previously swollen channels that appear
as holes in the SEM micrographs. Second, the MnO,~
may interact with the poly(vinylferrocenium) domains
after the initial oxidation has taken place, preferably
oxidizing ferrocene units spatially very close to poly-
(vinylferrocenium) side groups, and thus enhancing
the local charge density. In contrast, H,O, as an unpolar
molecule may oxidize the PVFc side groups more
evenly, yielding more uniform and less pronounced
surface structures. Conversely, the enhanced charge
density after oxidation with KMnO4 may result in locally
highly swollen poly(vinylferrocenium) domains. Con-
trol experiments were performed by synthesizing
PVFc-b-PMMA monolithic NPs instead of NCs. The
NPs showed similar changes of their morphology
upon oxidation (Figure S4), indicating no significant
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Figure 4. SEM-EDX spectra of a single dialyzed NC before
and after oxidation with KMnO,. There are no traces of
manganese in the spectrum, indicating that the observed
outgrowths are not due to deposited MnO,.

differences in the oxidation ability of the two morphol-
ogies. The counterion dependence of the morphology
and volume of poly(ferrocenyldimethylsilane) thin
films upon oxidation was also reported.>® The mechan-
isms that explain the differences of morphologies of
the NCs surface are schematized in Figure S6. To
further verify the proposed mechanism for the occur-
rence of outgrowths and indents, we also used FeCl; as
oxidant. As expected, outgrowths but no indents were
detected by SEM (Figure S7) and SFM (Figure S8), as in
the case of the oxidation with KMnO,.

Since MnO, is produced by the oxidation reaction
with KMnQ,, it was necessary to verify also that the
metal oxide was not present in the outgrowths. The
surface composition of NCs was analyzed with SEM-
EDX (Figure 4). No peaks for manganese could be
detected even when various voltages were applied,
and the spectra of the materials before and after
oxidation were very similar. Not only is MnO, not
present in the outgrowths of the NCs oxidized with
KMnO,, but the metal oxide was removed during the
dialysis.

Finally, reference samples with NCs and NPs of
PMMA homopolymer were prepared by the same
procedure to verify the stability of PMMA against
oxidation. No increase in hydrodynamic diameter was
observed for the PMMA colloids after oxidation (see
Figure S9). Furthermore, SEM micrographs showed no
changes of the morphology on NPs or NCs (Figures S10,
S11). Therefore, the observed changes in the PVFc-b-
PMMA NCs are not due to a partial oxidation or
degradation of the PMMA matrix. They occurred solely
by the conversion of the ferrocene moiety to ferroce-
nium moiety upon oxidation and the resulting change
in polarity of the polymer. The hydrophobic to hydro-
philic transition of the patches upon oxidation repre-
sents a promising strategy to fabricate hydrophilic
patches on a hydrophobic colloid surface.

To investigate the reversibility of the transition, the
NPs and NCs were reduced by the addition of ascorbic
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acid after being oxidized by H,0,, KMnO,, and FeCls.
The color of the dispersions changed back to their
original states—from brown to orange with KMnO,
and from slightly greenish to orange with FeCls—
indicating that reduction has taken place at least to
some extent. However, no significant changes in the
diameter or in the morphology of the NCs or NPs could
be detected after the reduction with ascorbic acid, as
shown by SEM micrographs (Figure S12). The observa-
tions were confirmed by cyclic voltammetry measure-
ments. Indeed, the asymmetric shape of the curves
(Figure S13) indicated that the oxidation of the poly-
(vinylferrocene) block was possible, but the reduction
was partially hindered. Thus, the oxidized ferrocene
moieties in a dense confinement could not be fully
reduced again. After several cycles the signal intensity
decreased due to better solubility of the poly-
(vinylferrocenium) block copolymer in acetonitrile
and the formation of a film on the electrode surface.
As for the chemical reduction of the oxidized patches,
the cyclic voltammetry measurements showed a cer-
tain reversibility of the oxidation process.
Redox-Responsive Release of Pyrene. As demonstrated
before, accessible responsive patches are present in
the nanocapsule shells. This unique feature could be
advantageously used to release a molecule present in
the core of the NCs upon an oxidation stimulus. Pyrene
was chosen as a model for a hydrophobic substance
since it is commonly employed as a fluorophore to
monitor the release kinetics from compartmentalized
objects.>’ Owing to the scattering of light by the
colloids and due to partially overlapping absorption
bands, the colloids were mixed with a solvent used to
partially extract the pyrene released after oxidation.
Cyclohexane was chosen because it is a good solvent
for pyrene, has no significant influence on the mor-
phology of the polymer shell, and is immiscible with
the emulsion, thus allowing a fast separation. This
method is milder than centrifugation, which can da-
mage the NGCs, thereby artificially increasing the
amount of released pyrene. Samples were withdrawn
from the reaction mixture at certain intervals of
time, with the oxidation reagent added at t = 0 min
corresponding to the addition of the oxidant. A sig-
nificant increase in fluorescence intensity with oxida-
tion time of the NCs with H,0, or KMnO, was observed
(Figure 5a). This is indicative of a release of pyrene from
the NCs, compared to the almost constant intensity
detected for the nonoxidized sample. The nonabsence
of fluorescence signal for the untreated sample is due
to pyrene absorbed on the surface of the NCs and/or
to slow leaking from the NCs. However, the stimuli-
responsive behavior of the release is evidenced by the
large increase of intensity upon addition of the oxi-
dants, as schematized in Figure 5b. The release upon
oxidation with H,0, is far more significant than the
release upon oxidation with KMnQy,. This is related to
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Figure 5. Release kinetics of pyrene from PVFc-b-PMMA
patchy NCs (a). The fluorescence intensity of the oxidized
NCs increases with time, indicating a release of pyrene,
whereas the intensity of the nonoxidized NCs remained
almost constant. Schematics showing the oxidation-
responsive release of the hydrophobic payload from the
PVFc-b-PMMA patchy NCs (b).

the aforementioned remarks about the different
diffusion of the oxidants and hence different loci of
oxidation. A larger number of ferrocene units con-
verted to ferrocenium (H,0,) allows an enhanced
diffusion of pyrene outside the NCs, whereas a more
local oxidation (KMnQ,) causes a less pronounced
release of pyrene. Control experiments performed
with NPs instead of NCs showed the same tendency
(Figure S14), although the overall release was much
lower. Thus, the results indicated a morphology-, time-,

EXPERIMENTAL SECTION

Materials. The block copolymer PVFc-b-MMA was prepared
by living anionic polymerization as described previously.>
The molecular weight of PVFc was determined via SEC against
PVFc standards and SEC-MALLS (M, ~ 9600 g-mo|’1, M,, ~
110009 -mol~", PDI = 1.14). The molecular weight of the PVFc-
b-PMMA was measured via SEC in THF against PS standards
(M,, ~ 139700 g-mol~", M,, ~ 142500 g-mol~', PDI = 1.02).
Poly(methyl methacrylate) (PMMA, Acros, M,, ~ 88000
g-mol™", PDI = 2.29), hexadecane (HD, Acros, 99.8%), sodium
dodecyl sulfate (SDS, Alfa Aesar, 99%), dichloromethane (Fisher,
99.99%), cyclohexane (VWR, HPLC-grade), FeCls (Sigma-Aldrich,
97%), L-(+)-ascorbic acid (ABCR, 99%), H,O, (Sigma-Aldrich,
35 wt % in water), and KMnO, (Sigma-Aldrich, 99%) were used
as received. Distilled water was used throughout the work.

Preparation of the NPs and NCs. To prepare the NPs, 100 mg of
the polymer PVFc-b-PMMA or PMMA was dissolved in 2.5 g of
CH,Cl,. Then a solution of 2 mg of SDS in 20 g of water was
added. The mixture was stirred at 1250 rpm in a closed glass vial
to obtain a macroemulsion. The emulsion was then subjected to
ultrasonication under ice-cooling for 2 min in a pulse—pause
regimen of 30 and 10 s, respectively (Branson W450-D sonifier
with a 1/2in. tip). Afterward, the CH,Cl, was evaporated at 40 °C
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and oxidant-dependent release of pyrene from the
patchy nanocapsules. H,0, was found to be a more
useful oxidizing agent than KMnQ, for the NCs for the
release of pyrene.

CONCLUSIONS

Patchy nanocapsules with functional block copoly-
mers as shell were prepared from droplet templates of
aqueous emulsions. The nanopatches were composed
of poly(vinylferrocene) blocks distributed in the PMMA
matrix, and their creation was the result of a micro-
phase separation between both polymer blocks. The
poly(vinylferrocene) nanopatches could be selectively
oxidized, thereby inducing a transition from a purely
hydrophobic patchy object to a hydrophobic object
with swollen hydrophilic nanopatches. The topogra-
phy of the nanocapsules surface after oxidation was
dependent on the nature of the oxidizing agent. The
hydrophobic to hydrophilic transition of the poly-
(vinylferrocene) nanopatches was advantageously uti-
lized to release a hydrophobic payload upon selective
oxidation of the nanopatches.

The reported synthetic procedure represents a
unique strategy to prepare functional patchy nano-
objects. Various functional block copolymer could also
be employed to target other types of stimuli-responsive
release.

Driven by the early concept of multicompartment
polymer micelles envisioned by Ringsdorf,>* the self-
assembly of multicompartment objects is currently the
object of intensive research because of the possibility
to create unprecedented structures.>>>¢ In this re-
spect, our hydrophobic nanoobjects with hydrophilic
patches are also promising building blocks for the self-
assembly of patchy structures.

while stirring at 500 rpm overnight. For the preparation of NCs,
60 mg of polymer and 40 mg of hexadecane were dissolved in
CH,Cl,, and the aforementioned procedure was followed.

Oxidation of the NPs and NCs. For oxidation experiments, the
dispersions were diluted to reach a total volume of 24 mL. The
diluted dispersions were then divided in three equal parts,
which were further treated either with 1 mL of 35% H,0,
solution, 1 mL of a freshly prepared KMnO, solution (158 mg
KMnO,4in 100 mL water), 1 mL of 0.0053 mol - L FeCl; aqueous
solution, or 1 mL of distilled water. The oxidants were in slight
molar excess compared to the VFc units in the copolymer. For
NCs, the volume of added solutions of oxidants was reduced to
0.6 mLorto 0.4 mLin the case of pure water to keep the reaction
ratio constant. Afterward, the sealed dispersions were stirred for
24 h and dialyzed against distilled water for 48 h with a Visking
27/32 dialysis tube (Roth, cutoff of 14000 g-mol™"). The NPs
and NCs oxidized by H,0, and KMnO, were reduced by the
addition of 0.5 mL of a 0.1 mol-L™" solution of ascorbic acid and
stirred for 24 h at room temperature.

Release Experiments. For the release experiments, a solution
of 1 mg pyrene in 2.5 g of CH,Cl, was used to dissolve the
polymer. After the preparation of the NCs or NPs, the disper-
sions were dialyzed as described above and treated with the
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different oxidizing reagents. A 0.75 mL portion of the dispersion
was withdrawn from the vial at certain time intervals. Then
1.5 mL of cyclohexane was added, and the mixture shaken for a
short time. After rapid phase separation, 0.75 mL of the upper
phase was removed and 0.75 mL of cyclohexane was added
again. After shaking and phase separation, the upper phase was
removed again. The procedure was repeated one more time;
therefore the total volume of cyclohexane amounted to
2.25 mL, from which the fluorescence intensity was measured.

Analytical Tools. The prepared NPs and NCs were character-
ized with DLS, SEC, HPLC, SFM, XPS, cyclic voltammetry, and
electron microscopy, while fluorescence analysis was used to
measure the release of pyrene (see Supporting Information).
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