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ABSTRACT: The formation of nanostructured shape aniso-
tropic nanoparticles from poly(ferrocenylsilane)-b-poly(2-
vinylpyridine) (PFS-b-P2VP) block copolymers is presented.
Ellipsoidal particles with an axially stacked lamellar structure
and nanosheets with a hexagonal structure of PFS cylinders are
obtained under neutral wetting conditions through the use of a
mixed surfactant system during self-assembly. In contrast to
traditional systems, the resulting particle structure is strongly
influenced by crystallization of the PFS domains under
colloidal confinement with lamella-forming PFS-b-P2VP
block copolymers leading to cylindrical morphologies. A
blending approach was developed to control this morpho-
logical change and by the addition of PFS homopolymers, ellipsoidal particles with a lamellar structure could also be obtained.
Ultimately, the spatial control over two orthogonal functionalities was exploited to demonstrate morphology transitions for
nanosheets upon the exposure to methanol as solvent for P2VP and FeCl3 as a redox stimulus, opening up a variety of
applications in the field of stimuli-responsive materials.

The unique performance of many natural materials is a
direct result of the combination of multiple structural

features in a synergistic fashion.1 Highly specific functional
properties are achieved by simultaneously controlling shape
anisotropy, morphology, and stimuli-responsiveness from the
nano- to the micrometer length scale. While this has long
inspired researchers to strive for similar abilities in synthetic
materials, approaching nature’s extraordinary level of control
remains a challenge.2

One promising approach to such complex materials is based
on controlling the self-assembly of block copolymers (BCPs) in
nanoparticles upon solvent evaporation from emulsions. In
such three-dimensional confinements, phase-separation gives
access to unique structures and is dramatically influenced by the
particle/water interface. One promising strategy to selectively
tune the BCP self-assembly in these colloidal systems is based
on using functional surfactants to adjust the surface energies
between the different blocks and the surrounding medium. This
facile and scalable methodology not only allows control over
particle morphology, but also the overall shape.3−12

The increasing availability of nanostructured shape aniso-
tropic particles13,14 is of significant interest as it opens up a
variety of applications due to their unique properties, for
example, in optics15 or in cell internalization.16 Recent
examples include convex-shaped nanodiscs/-sheets with cylin-
drical domains17,18 (perpendicular to the long axis) and striped
ellipsoidal nanoparticles.6,19 In such systems, both BCP
domains are adjoining the particle surface, which enables

access by chemical reagents present in the surrounding
medium. In the case of stimuli-responsive BCPs, a specific
response of a domain can lead to an overall change of the
particles’ structure. This has recently been demonstrated by the
preparation of dynamic shape changing particles that utilize the
pH responsiveness of the P2VP domains in a PS-b-P2VP block
copolymer.20

To expand the scope of nanostructured shape anisotropic
particles, the self-assembly of block copolymers that are
responsive to different (multiple) stimuli was examined using
poly(ferrocenylsilane)-based materials. Among the broad
variety of stimuli-responsive mechanisms, redox-reactions
allow changes in the properties of polymeric materials to be
triggered not only by the addition of redox-agents but also by
applied electrical potentials.21 Over the past decade, especially
ferrocene-containing polymers22,23 have been shown to exhibit
the unique ability to (electro)chemically switch moieties back
and forth between ferrocene and ferrocenium.21,23−26 Since this
oxidation/reduction cycle is accompanied by a transition from a
hydrophobic to a hydrophilic state,27−29 such redox-active
polymers have been utilized for a variety of applications, for
example, for releasing dyes from redox-responsive nano-
capsules,29−31 for switching the surface wettability and
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membrane gating,32−34 for addressing metallopolymer-based
colloidal crystals or inverse opal films,35,36 or for reversible
activity modulation of immobilized catalysts.37 From a
morphology viewpoint, block copolymers based on semicrystal-
line38 PFS have also attracted significant attention for the
preparation of well-defined nanostructures both in the bulk
state and in selective solvents by crystallization driven self-
assembly (CDSA).39−45

Taking advantage of these unique attributes for ferrocene
containing polymers, we propose to investigate the particle
constrained phase-separation of poly(ferrocenylsilane)-b-poly-
(2-vinylpyridine) (PFS-b-P2VP) block copolymers leading to
two new types of shape anisotropic nanoparticles: (1)
ellipsoidal nanoparticles with an axially stacked lamellar
structure and (2) flattened nanosheets (or convex lenses)
with a hexagonally packed cylinder structure perpendicular to
the long axis. In comparison to previously described systems,
these novel PFS-b-P2VP particles would ultimately allow a
double stimuli-responsive behavior due to the pH responsive
P2VP block and the redox responsive PFS block. This approach
would therefore dramatically broaden the scope of shape
anisotropic nanostructured particles due to the spatial control
over two distinctly different responsive chemical functionalities.
Preparation of PFS-based particles was achieved via block

copolymer self-assembly upon solvent evaporation from
emulsions which were prepared by simple vortexing and
ultrasonication (Scheme 1; see SI for experimental details). To
selectively access different morphologies, the volume fractions
f PFS and f P2VP of the PFS and the P2VP blocks were changed in
a systematic manner. While this is known to give control over
the bulk morphology, colloidal systems also require controlling

the influence of the particle surface and associated interfacial
energies as additional structure-directing factors. Here, a
common requirement for both targeted structures is the
neutral wetting of the BCP/water interphase with both blocks.
Following a previously reported procedure for surfactant-
controlled self-assembly, a mixture of two surfactants, cetyl
trimethylammonium bromide (CTAB) and 16-hydroxy-cetyl
triethylammonium bromide (CTEAB−OH), was used to
ensure comparable interfacial energies of both blocks with the
surrounding medium. Here, CTEAB−OH shows a preference
for the P2VP phase due to hydrogen bonding interactions
between its hydroxyl group and the P2VP pyridine moieties.20

In contrast, the unfunctionalized CTAB was assumed to exhibit
comparably higher preference for the PFS phase. It has to be
mentioned that the pH value for all investigated particle
dispersions was in the range of 7 to 8, that is, the 2VP moieties
were not affected by protonation which occurs at pH values
below 4.9.46,47

Following this method, we first examined the synthesis of
ellipsoidal particles with a striped lamellar structure by the self-
assembly of a symmetric PFS60-b-P2VP126 diblock copolymer
( f PFS = 57 vol %, see SI for synthetic details). As suggested in
the literature, it was assumed that the lamellar bulk morphology
(Figure 1b) translates to the striped ellipsoidal particle

structure under neutral wetting conditions. However, as
shown in Figure 1a, particles with the second targeted structure
were obtained: a hexagonal assembly of PFS phases with the
particles exhibiting a disc-like shape with individual PFS phases
as channels through the discs (see also Figure S6). The
presence of cylinders running through the full thickness of the
disc-like particles was further supported by a series of TEM
images with a tilted sample holder (Figure S7) and SEM
imaging (Figure 2).
These results clearly indicate that the high surface to volume

ratio of nanoparticles can result in BCP morphologies that
deviate dramatically from the respective bulk structure. Of
perhaps equal significance is the observed hexagonal packing of
cylinders perpendicular to the nanosheets’ long axis which
stems from the neutral wetting of the particle surface by both
blocks. This strongly suggests that the BCP/water interphase is
not the limiting factor and the necessary requirement for the
formation of striped ellipsoidal particles is fulfilled. Following

Scheme 1. Schematic Representation of the Formation of
Nanostructured Shape Anisotropic PFS-b-P2VP Particlesa

aSurfactant mixtures and blending with PFS homopolymer leads to
ellipsoid particles with lamella morphology, while assembly of the
same diblock copolymer with surfactant mixtures in the absence of
homopolymer leads to disk-like particles with cylindrical morphology.

Figure 1. Comparison of PFS60-b-P2VP126 ( f PFS = 57 vol %)
morphologies in bulk and under nanoparticle confinement as shown
by TEM images. (a) Nanosheets with hexagonally packed cylindrical
structures are observed in colloidal confinements under neutral
wetting conditions. (b) In contrast, the same BCP exhibits a lamellar
bulk morphology.
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from these initial results, it was investigated whether BCPs with
different block ratios, that is, different bulk morphologies,
would give access to the desired ellipsoidal nanoparticles under
the same neutral wetting conditions. For this, the volume
fraction of PFS in the block copolymer was increased to f PFS =
69 vol % (PFS53-b-P2VP58) or decreased to 36 vol % (PFS55-b-
P2VP244). Significantly, nanosheets with a hexagonal assembly
of the PFS phase were obtained for these polymers as well (see
Figure 3a and Supporting Information, Figures S8 and S9) and

only for the extreme case of a PFS volume fraction of 90 vol %
(PFS53-b-P2VP11) did the morphology change to spherical
particles with a radial lamellar morphology (Figure S8). As a
consequence, the hexagonal morphologies are formed in a large
part of the phase diagram from approximately f PFS = 30 vol %
to approximately 70 vol % (Table S2). This is in direct contrast
to reported systems where nanosheet particles with hexagonal
morphologies are typically only formed from block copolymers
with volume fractions that directly correspond to a hexagonal
morphology in the bulk state.38

This unexpected behavior strongly suggests that in these
systems, the obtained morphology is not only dependent on
the volume fractions of the blocks and the interfacial
interactions but also on the semicrystalline nature of the PFS
block. As has been elegantly reported by Manners, the
crystallization behavior of PFS can overcome the influence of
the block copolymer ratio in the formation of specific
morphologies via self-assembly.40 An effect that is especially
pronounced in the confinements of nanostructures.48 To
further investigate this effect and to access ellipsoidal particles
with a stacked lamellae structure, the influence of the PFS
crystallization in the PFS-P2VP system was further tuned.
Interestingly, Manners and co-workers recently showed that
cocrystallization in PFS-based block copolymer/homopolymer
blends significantly shifts the structure of formed nano-objects
from fibers to platelets.49 Based on these considerations, we
investigated blends of the cylinder forming diblock copolymer,
PFS55-b-P2VP244, with additional homo PFS55. Blending of the
diblock with 27 wt % of the homopolymer leads to an overall
PFS volume fraction of f PFS = 53 vol %, which corresponds
again to a lamellar bulk morphology with particle formation
performed under similar neutral wetting conditions (i.e. 50/50
ratio of CTAB and CTEAB−OH). Interestingly, from this
approach ellipsoidal nanoparticles in the size range of 100 nm
to 1 μm were obtained exclusively (see Figures 3b and S10).
This is in agreement with bulk samples of pure PFS-b-P2VP
block copolymer, which show a clear lamellar structure for
equal volume fractions of both blocks.
Noticeably, for the two systems that both contain a PFS

volume fraction of f PFS = 50 vol % (corresponding to a lamellar
bulk morphology), the morphology of the particle clearly
depends on the composition of the PFS phase.
If the PFS domains solely consist of the respective blocks of a

symmetrical PFS-b-P2VP block copolymer, hexagonally packed
cylinder morphologies are observed in flattened nanosheets. In
direct contrast, if the PFS domains consist of a mixture of a PFS
homopolymer and PFS blocks from a PFS-b-P2VP block
copolymer, lamellar structures are observed in ellipsoidal
particles.
In examining these results, for the pure PFS55-b-P2VP244

diblock copolymer, the deviation of the cylindrical particle
morphology from the lamellar bulk structure suggests a strong
influence of PFS crystallization due to colloidal confinement. It
is assumed that this can also be attributed to the comparably
large volume (64%) of the noncrystalline P2VP chains. In
contrast to the densely packed crystalline PFS domains, the
P2VP “corona” still exhibits a significant entropic chain
repulsion (even though the self-assembly does not occur in
solution).49 In the spatial confinement of nanoparticles, this
effect shifts the morphology to the observed cylindrical
structure. In the case of PFS/PFS-b-P2VP blends, the
crystallization process is changed by the addition of PFS
homopolymer and assuming that under confinement, the
crystallization is initiated by homogeneous nucleation of the
homopolymer, the resulting seeds most likely serve as
nucleation point for the crystallization of PFS-based block
copolymers. In analogy to the work presented by Manners,
Winnik and co-workers,49 it is suggested that the cocrystalliza-
tion with PFS-b-P2VP (in the wet brush regime) increases the
spacing between the anchor points of the corona chains. In
combination with the colloidal confinement, the resulting
decreased “corona” chain repulsion enables the formation of
the observed ellipsoidal particles with axially stacked lamellae.

Figure 2. Schematic representation (a) and SEM images of nanosheets
formed from PFS60-b-P2VP126 at different magnifications (b, c).

Figure 3. Influence of f PFS and PFS phase composition on the
morphology of self-assembled nanoparticles under neutral wetting
conditions: (a) nanosheets with a hexagonally packed cylinder
structure are obtained from a PFS55-b-P2VP244 block copolymer. In
contrast, blending of the PFS55-b-P2VP244 block copolymer with 27 wt
% of PFS55 homopolymer gives striped ellipsoidal particles (b).

ACS Macro Letters Letter

DOI: 10.1021/acsmacrolett.5b00350
ACS Macro Lett. 2015, 4, 731−735

733

http://dx.doi.org/10.1021/acsmacrolett.5b00350


As a result, the self-assembly of PFS-b-P2VP metal-
lopolymers under colloidal confinement is controlled by a
combination of neutral wetting of the BCP/water interphase
through functional surfactants and by tuning the crystallization
of the PFS block via blending with the corresponding PFS
homopolymer. As shown in the phase diagram in Figure 4, this
approach allows facile access to different shape anisotropic
particles with very distinct morphologies.

The striped ellipsoidal particles and the nanosheets
containing hexagonally packed cylinders represent interesting
materials due to the orthogonal chemical functionalities of the
two polymer phases. In combination with the accessibility of
both domains to reagents/stimuli from the surrounding
medium, these particles show potential as double responsive
materials. To demonstrate the latent multi functionality of
these colloidal systems, initial experiments were performed to
selectively address each domain. For this we focused on the
nanosheets as a model system.
First, the influence of a selective solvent for the P2VP block

was probed. The utilization of methanol led to the solvation of
the P2VP domains which resulted in a pronounced morphology
change from nanosheets with multiple PFS domains to
individual PFS-based nanoparticles (Figure 5; for more details,
refer to Figure S11) that are assumed to consist of a PFS core
with a P2VP corona. Remarkably, the well-defined size of the
PFS domains in the hexagonal array of the nanosheets transfers
to a very narrow size distribution of the resulting PFS centered
nanoparticles. The redox-responsive character of the PFS
domains and the associated polarity change from hydrophobic
to hydrophilic on oxidation was then investigated. Significantly,
addition of an oxidant, FeCl3, to the nanosheets led to changes
in the observed particle structures with TEM images of
dispersions after treatment with FeCl3 showing the disintegra-
tion of the initial particle shapes (Figure S12) due to the
increased hydrophilicity of the oxidized ferrocene units. The
observed morphology change depicts a transition from well-
defined hexagonal arrays of PFS phases in the nanosheets to
amorphous nanosized objects as well as worm-like PFS phases.
While this clearly indicates the potential of redox-agents to
trigger irreversible morphology changes in the PFS-b-P2VP
nanosheets upon oxidation, the properties of the formed
aggregates and the underlying transition mechanism will be
subject to future investigations. Ultimately, the formed

structures represent an interesting starting point for further
investigations on CDSA by using these in situ generated
building blocks.39,44

In conclusion, a facile and scalable method for the
preparation of novel shape anisotropic nanoparticles formed
from PFS-b-P2VP metal-containing block copolymers was
developed. Control over shape and morphology could be
achieved by adjusting the wetting of the BCP/water interphase
through functional surfactants and by tuning the crystallization
of the PFS domains via blending with respective homopol-
ymers. Unique materials with controlled shape and nanoscale
morphology such as ellipsoidal nanoparticles with axially
stacked lamellar morphology or nanosheets with hexagonally
packed PFS cylinders could be obtained. Ultimately, spatial
control over the two orthogonal functionalities present in the
PFS-b-P2VP diblock copolymers was exploited to demonstrate
morphology transitions on exposure to selective solvents and
stimuli-responsive shape changes on treatment with redox
agents such as FeCl3. The facile control over shape,
morphology, and chemical functionality allows these particles
to be a powerful generic platform for further studies and
applications.
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Figure 4. Schematic phase diagram of PFS-b-P2VP nanoparticles
obtained via solvent evaporation driven block copolymer self-assembly.

Figure 5. Morphology transition of PFS60-b-P2VP126 nanoparticles
upon addition of methanol as selective solvent for the P2VP domains.
Nanosheets with a hexagonally PFS cylinders (a) undergo trans-
formation to PFS-based nanoparticles with a narrow size distribution
(b).
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