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Linear structures, such as actin filaments, muscle fibers, and
hair, are ubiquitous in nature on various length scales and
with different morphologies and periodicities. Mimicking
these linear arrangements is attractive for many applications
in fields ranging from energy conversion!" and storage! to life
sciences,”’! surface patterning,” and coatings.”) The linear
structures can promote, for instance, the directed transport of
electrons or heat.! When linear nanostructures are modified
further through the introduction of magnetic iron oxide
moieties, they can be used for hyperthermia treatment,”
high-performance lithium storage,® and as catalysts for the
oxygen reduction reaction.”’! Desired properties often include
nanometric dimensions, versatile labeling and functionaliza-
tion, high stability, and magnetic loading with homogeneous
distribution. In order to meet these criteria, organic-inorganic
hybrid nanofibers are needed. Common approaches for the
production of linear nanostructures include electrospin-
ning,'” magnetic-field-assisted electrospinning,1%<  self-
assembly,""l and template-assisted methods.'” However,
these approaches suffer drawbacks in terms of achieving
combinations of the aforementioned desired properties. In
contrast, the synthesis of spherical hybrid nanoparticles with
multifunctionality is comparably easy and many variations
have been reported.™! A plethora of polymeric particles can
be implemented for the formation of a two-dimensional film
by sintering the particles together. Recently, one-dimensional
(1D) as well as two-dimensional (2D) arrangements of
microparticles were fabricated by making use of thermal
annealing.!"¥) With the help of an elaborate templating matrix,
more complex arrangements such as rings are possible.['”!
However, a templating matrix can produce only small
amounts of materials. A template-free fabrication of poly-
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meric hybrid nanofibers in solution with defined architecture
is therefore highly desirable.

Herein, we present a method for the facile and versatile
linear fusion of magnetic polymer nanoparticles in an
aqueous dispersion by the directed sintering of linear self-
assembled magnetic nanoparticles. The strategy is thus
suitable for the fabrication of hybrid polymer/inorganic
nanofibers with tunable surface corrugation. The linear
arrangement and the alignment of the particles are realized
by their assembly upon an external magnetic field and
a moderate flow of water. The environmental temperature
is controlled to favor polymer chain diffusion so that the
neighboring particles in contact with each other can fuse
together.

The axial fusion of magnetic polymer colloids into nano-
fibers can be accomplished with a simple setup (Figure 1),
which includes a thermostat and a pump for controlling the
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Figure 1. Experimental flow setup for the fabrication of nanofibers
through magnetic self-assembly and linear fusion of magnetic polymer
nanoparticles in aqueous dispersion.

temperature and the flow of water, respectively. The func-
tional particles are injected and transported to a permanent
ring magnet (field strength 25-200 mT). The external mag-
netic field induces a magnetic dipole in each superparamag-
netic nanoparticle. Due to attractive dipole—dipole interac-
tions, the particles assemble in a linear fashion.'! Particle
fusion is achieved when the surrounding temperature of the
aqueous environment is above the glass transition temper-
ature (7,) of the polymer. The formed fibers can be collected
by increasing the flow speed and thereby displacing them
from the magnet. The benefits of the process comprise the fast
fabrication of nanofibers (fusion within milliseconds to
seconds), simple equipment, and the aqueous medium. The
topology of the nanofibers’ surface can also be controlled by
varying the degree of fusion of the spherical functional
particles (Figure 2). Because the fusion is highly dependent
on the temperature, the degree of fusion and therefore the
surface topology is tuned by the temperature of the aqueous
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Figure 2. Magnetic self-assembly (a) and fusion (b,c) of magnetic
polymer colloids in water. Increasing the temperature above the glass
transition temperature (T,) provides enough polymer chain flexibility
and leads to a linear sintering process. Temperatures close to the T,
yield a low degree of fusion and a necklace-like morphology (b). For
temperatures well above the T,, a larger degree of fusion is observed
and completely merged particles form a homogeneous fiber containing
homogeneously distributed iron oxide nanoparticles (c).

medium. Architectures resembling necklaces are obtained by
weakly fusing the particles, whereas almost uniform nano-
fibers are created for a higher degree of fusion. In the latter
case, the identity of the single nanoparticles is lost, that is, the
initial magnetic nanoparticles cannot be identified in the final
nanofibers.

Superparamagnetic magnetite nanoparticles capped with
oleate were used as magnetic moieties (see Figure S1 in the
Supporting Information for details). Owing to their super-
paramagnetic properties, attractive forces between the mag-
netic particles are only present when an external magnetic
field is applied. Thus, after the formation of fibers from the
magnetic polymer colloids, no interaction between the fibers
is observed when the external magnetic field is removed. As
a consequence, a permanent linkage has to be generated when
the particles are aligned. By introduction of a polymer matrix,
the migration of polymer chains upon temperature increase
leads to such a linkage. Therefore, polystyrene nanoparticles
with encapsulated magnetite were employed as model
polymer particles for fiber formation. For the synthesis,
miniemulsion droplets with dispersed magnetic nanoparticles
were used as seeds for the emulsion polymerization of
styrene. Miniemulsion droplets were chosen since they can
be modified readily through the integration of functional
moieties (e.g. dyes, inorganic nanoparticles, functional mono-
mers) into the droplets and therefore into the resulting
nanoparticles.”>”! To verify the feasibility of the linear
sintering of self-assembled polymer particles, we first synthe-
sized polystyrene nanoparticles with homogeneously distrib-
uted magnetite (PS-Mag-H). A high magnetite content was
chosen (70 wt% according to thermogravimetric analysis
(TGA) measurements) in order to achieve a large magnetic
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dipole in each particle under application of an external
magnetic field and thus strong interparticle attraction.

Whereas the attraction between the particles can be tuned
by the amount of magnetite inside the hybrid particles, the
merging process is mainly controlled by the nature of the
polymer for a defined continuous phase, for example, water in
this case, and a given temperature. During the merging
process, several events occur sequentially: 1) Deformation of
the particles due to minimization of the interfacial energy
between polymer and water leads to an increase in contact
area between neighboring particles. The deformation is
strongly dependent on the size of the particles.'” 2) The
diffusion of the polymer chains enables material exchange
between the particles and merges the particles together. The
molecular weight of the polymer chains and their polydis-
persity play a very important role for the kinetics of chain
diffusion.!"”

The employed nanoparticles (PS-Mag-H) display a hydro-
dynamic diameter of (127 & 8) nm as determined by dynamic
light scattering (DLS). Owing to this relatively small diam-
eter, the contribution of retarded elastic deformation to the
sintering process is strong and thus supports colloid fusion.!
Additionally, it offers the advantage that the resulting fibers
are small in diameter and therefore have a large surface to
volume ratio. To facilitate the facile merging of the hybrid
nanoparticles, no crosslinker was used. The weight average
molecular weight (M,,) of the polymer was determined to be
29400 gmol ' with a polydispersity index (PDI) of 2.8. The
relatively low molecular weight permits fast chain diffusion
which is accelerated by the large PD1."! The T, of the hybrid
particles was measured to be 56°C as determined by differ-
ential scanning calorimetry (DSC). The fact that the 7, of
pure polystyrene (ca. 100°CP") is significantly higher than
that of the hybrid particles can be explained by the presence
of oleic acid in the oleate-capped magnetic nanoparticles
(Figure S3).

To obtain highly stable nanoparticles, the charged co-
monomer styrene sulfonate was added during the polymer-
ization to introduce a covalently bonded negative surface
charge. The negatively charged surface (zeta potential of
—51 mV) provides additional stabilization of the colloids by
electrostatic repulsion between the particles which prevents
their aggregation. Without the functional co-monomer, the
polymer particles could still be merged together, but large
nonlinear aggregates of particles were observed.

The length and structure of the formed nanofibers were
investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM; Figure 3). Under
typical conditions (magnetic field of 200 mT, T=85°C, 10 s
fusion time), the average length of the fibers was determined
to be (6.4 +2.5) um for PS-Mag-H. An average number of
55+ 22 nanoparticles can be assigned to the fibers. The
average length of the fibers can be controlled by varying the
time of fusion (Figure S4). Following a fast increase in fiber
length with the employed time of fusion, the length converges
to a maximum. Additionally, we found that the amplitude of
the magnetic field has an influence on the chain length.
Application of a weaker field of 25 mT leads to the formation
of shorter fibers (20-50% shorter). A flow velocity in the
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Figure 3. SEM (a) and TEM (b) images of nanofibers formed from
polystyrene nanoparticles homogeneously loaded with iron oxide. Scale
bar 2 um.

range of 0.3-2mms™' was found to be suitable. Once the
fibers are formed, application of moderate sonication or
vigorous stirring does not cause them to break. In a surfactant
solution, the colloidal stability of the nanofibers can be
maintained for several hours and it takes several days for the
fibers to precipitate.

Since the environmental temperature is set above but
close to the T, of the polymer, the nanoparticle merging is
slow and it is possible to investigate the kinetics of the
merging process in detail (Figure 4). Therefore the average
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Figure 4. Temporal evolution of the interparticle diameter for the
merging of PS-Mag-H particles.

interparticle diameter for PS-Mag-H was investigated as
a function of the time of merging. According to Frenkel’s
theory of sintering, the interparticle radius (or diameter)
between two particles is proportional to the square root of the
sintering time.”!! Because the merging kinetics of the PS-
Mag-H particles could be described by this theory (Figure 4),
the interparticle diameter can be controlled and predicted.

Detailed investigations of the internal fiber morphology
and distribution of magnetic nanoparticles inside the polymer
matrix were carried out by TEM imaging (Figure 5). Fig-
ure 5 A shows the TEM image of a beaded nanofiber with
weakly merged particles. The contact area between neighbor-
ing particles displays mainly polystyrene and only very little
amount of magnetite. The particle is slightly elongated along
the fiber axis (aspect ratio of 1.07:1.00). For completely
merged particles (Figure 5B), the inorganic nanoparticles are
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Figure 5. TEM images of linear merged polystyrene nanoparticles
loaded with iron oxide. Weak merging of PS-Mag-H particles leads to
beaded structures (a), higher degree of merging yields relatively
smooth nanofibers in which single particles cannot be identified (b).
SEM images of calcined, strongly fused PS-Mag-H nanofibers: Over-
view (c) and close-up (d). Scale bars: 100 nm (a,b,d); 5 um (c).

homogeneously distributed along the polymer fiber. These
observations indicate that the mechanism of particle merging
is composed of different steps depending on the temperature:
1) For temperatures close to the Ty, elastic deformation of the
particles leads to a weak overlap of the particles and a slight
particle anisotropy. Interparticle diffusion of single polymeric
chains and entanglements leads to the linkage of neighboring
particles. The iron oxide remains mainly static. 2) At higher
fusion temperatures, higher flexibility and stronger deforma-
tion of the particles are observed. The large deformation
increases the contact area between neighboring particles,
which leads to enhanced exchange of material between the
particles. Additionally, the polymer chain diffusion is
increased and the iron oxide nanoparticles can be distributed
together with the polymer chains. As a consequence, nano-
fibers with homogeneously distributed iron oxide nanoparti-
cles are obtained. With a further increase in temperature,
a slight increase in the average diameter of the fibers can be
observed. This can be attributed to the reduction of interfacial
energy between the hybrid material and water owing to
a decrease the aspect ratio of the nanofibers.

The hybrid fibers can be further calcined to obtain
inorganic nanofibers and nanorods (Figure 5c,d). When the
completely merged particles PS-Mag-H are calcined, the
homogeneously distributed iron oxide nanoparticles prevent
the wires from cracking and iron oxide nanostructures with
high aspect ratio (ca.22) can be obtained (Figure S5).
However, at certain points in the fibers, the calcination
leads to breaking points that yield magnetic inorganic nano-
rods. A three-dimensional network of iron oxide can be
obtained. Owing to their high aspect ratios, their thin
diameters, and their porous structures, these iron oxide
nanorods are promising candidates as building blocks for

www.angewandte.org

10109


http://www.angewandte.org

Angewandte

10110

Communications

the catalysis of oxygen reduction reaction” or for high-
performance lithium storage.!

Going one step further, we synthesized nanoparticles with
a more complex Janus morphology (PS-Mag-J) and applied
the aforementioned process. The variation of colloidal
morphology induced an alignment of the particles in
a zigzag fashion upon application of an external magnetic
field.” The conditions for merging the Janus particles are
more challenging than those for PS-Mag-H. The reasons are
the lower iron oxide loading (34 wt % ), which leads to weaker
interaction of the particles in the magnetic field, the larger
particles size (237 +27 nm), which slows down the particle
deformation, and the higher molecular weight of the polymer
(M,,= 158000 gmol ', PDI = 5.0), which enhances the viscos-
ity of the heated particles. Nevertheless, the particles can be
successfully merged together (Figure 6). The obtained zigzag
architectures have an average length of (3.0 + 1.1) um with an
average number of particles per fiber of 13 +£4. The zigzag
fibers are significantly shorter and consist of fewer particles
than PS-Mag-H because of the lower magnetic attraction
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Figure 6. TEM images of PS-Mag-] nanoparticles (a) and zigzag fibers
(b,c,d). Weakly fused zigzag fiber (c) and stronger fused fiber (d).
Scale bars: 200 nm (a,c,d); 2 um (b). Control of corrugation amplitude
by variation of iron oxide content (e).
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force and the difficult zigzag arrangement. This arrangement
not only requires diffusion of the particles into linear
structures, but additionally rotation into the right orientation.
The particles merge together in a two-dimensional plane and
therefore have only one orientational possibility in this plane.
For the Janus nanoparticles, a weak (c) and a stronger (d)
fusion can be observed as for PS-Mag-H. However, in the case
of stronger fusion, the Janus particles do not form smooth
cylindrical fibers. This difference in comparison to PS-Mag-H
can be explained by the significantly higher molecular weight
of the polymer in the Janus nanoparticles and the resulting
higher viscosity of the polymer chains,” which slows down
the diffusion significantly.

Furthermore, the zigzag corrugation can be controlled by
the ratio of iron oxide to polystyrene within the Janus
particles (Figure 6¢). Indeed, decreasing the iron oxide
content results in more pronounced corrugation in the zig-
zag fibers.

In conclusion, we have demonstrated a novel method for
the preparation of hybrid and inorganic fibers and nanorods
in aqueous environments. Spherical magnetic building blocks
of hybrid nanoparticles are assembled in an aqueous flow and
an external magnetic field without any templating agent. The
fast fusion speed (0.5-50s), the facile synthetic procedure,
and the aqueous fusion medium are important advantages of
this novel process. The morphology of the obtained fibers,
ranging from necklace-like to smooth cylindrical structures
with tuneable corrugation, can be controlled by process
parameters such as time of fusion and temperature, and by the
morphology of the magnetic nanoparticles. The assembly of
Janus nanoparticles yields zigzag structures. The complexity
of the 0D initial structure is therefore used for inducing
a complexity into the obtained 1D structure. It is expected
that novel supraparticular assemblies with high stability will
be created by using spherical building blocks of different sizes
and with more complex colloidal structures.
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