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ABSTRACT The assembly of nanoparticles into polymer-like architectures is
challenging and usually requires highly defined colloidal building blocks. Here, we
show that the broad size-distribution of a simple dispersion of magnetic nanocolloids
can be exploited to obtain various polymer-like architectures. The particles are
assembled under an external magnetic field and permanently linked by thermal
sintering. The remarkable variety of polymer—analogue architectures that arises from
this simple process ranges from statistical and block copolymer-like sequencing to
branched chains and networks. This library of architectures can be realized by
controlling the sequencing of the particles and the junction points via a size-
dependent self-assembly of the single building blocks.
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of elaborate architectures are synthe-

sized from easily accessible and highly
defined molecular (monomeric) units. By
contrast, the assembly of colloidal building
blocks to form polymer-like architectures is
usually highly limited by their homogeneity
in size, composition, and surface structur-
ing, which provide defined interactions be-
tween the colloids. In order to achieve such
a directed binding between colloids, large
efforts have been made to shape the surface
of colloids accordingly.” When a site spe-
cific reactivity is implemented in the col-
loids, defined colloidal arrangements can be
created with astonishing precision.> When
the colloids possess two or more binding
sites, colloidal polymers in analogy to clas-
sical polymers can be created.* Commonly,
a polymer consisting of only one building
unit (homopolymer) can vary in average
molecular weight and molecular weight
distribution. When two or more build
ing units are implemented, a polymer with

I n polymer chemistry, a large abundance
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variable sequencing of the different mono-
meric units like block copolymers becomes
accessible. The introduction of building
blocks with more than two binding sites
enables branching within the chain.
Several possibilities are known for the
assembly of colloidal building blocks in
one- (1D), two- (2D), or three-dimensional
(3D) fashion through electrostatic interac-
tions,”'® magnetic interactions,'’ " '® van
der Waals forces,'® ' or DNA-mediated
interactions.>™> However, a control over
the sequence of the arranged colloids or a
control over the junction points in the
arrangements to mimic polymer architec-
tures remains challenging. There are only
few reports dealing with such polymer—
analogue architectures from nanocolloids
including the assembly of nanoparticles to
form block copolymers'®'® or the introduc-
tion of junction points to form branched
chains or networks.?® However, the meth-
ods described for the preparation of these
colloidal polymers demand high precision
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colloids and the architectures obtained cannot be
easily modified. Hence, current efforts focus on the
self-assembly of simple colloidal building blocks. Com-
puter simulations have already predicted the possibil-
ity to do so.2" However, the experimental realization
has not been demonstrated to date. Once a synthetic
pathway for a facile and versatile self-assembly of
simple nanocolloids into polymer-like architectures is
achieved, future applications, e.g., in photonics,?>~2*
electronics,” or robotics,?® can be envisioned. Further,
defined sequencing of colloidal chains can lead to
colloidal arrangements, which can knot and fold in
analogy to proteins, providing the possibility to con-
struct artificial biopolymers from colloidal building
blocks.?’

Here, we demonstrate the versatile assembly of
superparamagnetic polystyrene nanoparticles into var-
ious architectures. The assembly can be followed by a
permanent linkage of the assembled particles by ther-
mal sintering, allowing a detailed investigation of the
assemblies. The process used to generate polymer-like
chains and smooth fibers from superparamagnetic
polystyrene nanoparticles has been reported previ-
ously.®® Furthermore, the reversible linkage of the
colloids has been demonstrated.?® Here, we show the
possibility of tailoring the particle's assembly in terms
of controlled sequencing of large and small particles
within a chain. Additionally, we control the number of
colloidal binding partners per particle in order to
achieve branching within the chain. By tailoring these
two parameters, a library of polymer—analogue archi-
tectures including single branched chains and net-
works can be created. When nanoparticles of a
similar size are used, predominantly linear chains are
obtained. By implementing nanoparticles with differ-
ent sizes, the assembly sequence of larger and smaller
colloids and the number of colloidal binding partners
per particle can be tailored. Control over the sequence
of small and large colloids allows for chain structures
with rather block-like or rather statistical sequencing of
the differently sized particles within the chain. Further-
more, neighboring particles with a large size difference
are likely to introduce a junction point within the chain.
Integration of many junction points within a chain (by
using a nanoparticle dispersion with a broad size
distribution) provides the possibility of generating
highly branched nanoparticle chains. Additionally,
whole cross-linked networks of nanoparticle chains
can be created by using highly concentrated disper-
sions in the process of chain formation.

RESULTS AND DISCUSSION

We use simple polystyrene nanospheres containing
a high loading with superparamagnetic iron oxide
nanoparticles to form polymer-like nanoparticle chains
in a controlled fashion. The hybrid particles need to
possess two essential features for a successful chain
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formation by an assembly and fusion process: A super-
paramagnetic feature is implemented by encapsulated
iron oxide moieties, which provide the possibility of
self-assembling the particles upon application of an
external magnetic field. Further, a polymeric moiety
enables a permanent linkage of neighboring particles
by thermal sintering. As model particles comprising
these two features, polystyrene nanospheres contain-
ing 50—75 wt % of iron oxides (determined from
thermogravimetric analysis, TGA) were used. The high
loading with iron oxide provides a strong attraction
force between the colloid when applying an external
field. To achieve an assembly of the colloids into
chains, the attraction force between them has to be
higher than the thermal energy of the colloids.*® The
average hydrodynamic diameter (d},) of the colloids
was 80—350 nm (as determined from dynamic light
scattering, DLS measurements). The size and polydis-
persity of the nanoparticles dispersion can be tailored
by centrifugation as a size-separation method (see
methods for details). The iron oxide is distributed
predominantly homogeneous within the particles
(Figure S3). In some cases there is a slight polystyrene
enrichment on one side of the particles. However, this
enrichment does not affect the assembly except for a
slight tendency of the particles to form linear zigzag
arrangements.?® Further, the particles possess a
zeta potential of —40 to —60 mV, which derives mainly
from the covalently bonded comonomer (sodium
4-styrenesulfonate) and self-stabilizes the nanoparti-
cles in the dispersion. Because of the high negative
surface charge, the particles repel each other. When
however an external magnetic field is applied, the
attractive magnetic force between two superparamag-
netic particles can be high enough to overcome the
energetic barrier created by the negative zeta poten-
tial. Thus, the particles can be assembled and subse-
quently fused in the presence of an external magnetic
field resulting in various architectures with polymer
resemblance. Without the fusion, the superparamag-
netic nanoparticles would disassemble when remov-
ing the external field. Thus, a permanent linkage is
required to maintain the arrangement permanently.
The components of the setup used to achieve this
assembly and fusion are depicted in Figure S1. Briefly, a
syringe pump is used to insert the nanoparticle dis-
persion into a tube, which guides the dispersion
through a heated oil bath and toward a static ring
magnet. Approaching the ring magnet, the dispersion
of superparamagnetic nanoparticles starts to feel the
external magnetic field of the permanent magnet.
Hence, a magnetic dipole is induced in the super-
paramagnetic particles causing an attractive force
between the particles and thus the controlled assembly
into one-dimensional chains. After assembly, neighbor-
ing particles are fused together under the increased
temperatures in the oil bath (for details see methods).
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Figure 1. Schematic illustration showing different polymer-like architectures that can be created by a controlled
assembly and fusion of superparamagnetic polystyrene nanoparticles. (a) Insertion of a monodisperse nanoparticle
dispersion yields predominantly linear nanochains. Depending on the concentration of the nanoparticle dispersion
(and the growth time), longer or shorter chains can be obtained. (b) In the case of a polydisperse sample, the different
sized particles (colored in red and blue representing small and large particles, respectively) can self-organize into blocks
of larger and smaller particles, resulting in colloidal block copolymers or in rather statistical fashion. A slow increase of
the external magnetic field assembles the particles in a rather block-like pattern, a fast increase in a rather statistical
fashion. (c) The insertion of particles with even larger size differences enables the introduction of junction points. Here,
more than two small nanoparticles assemble around a large particle creating a junction point within the nanoparticle
chain. By increasing the concentrations of nanoparticles in the dispersion, networks of cross-linked chains can be

obtained.

When a dispersion of nanocolloids with a relatively
narrow size distribution is used in the process, pre-
dominantly linear chains of the nanocolloids are ob-
served (Figure 1a). The length of the chains can be
tuned either by the concentration of the nanoparticle
dispersion (higher concentration = longer chains) or by
the growth time of the chains (longer growth time =
longer chains). Use of nanoparticle dispersions with a
larger size distribution allows the size-sequencing of
larger and smaller particles within a nanoparticle chain.
Depending on the assembly conditions, the sequence
can be rather statistical or block-like. The assembly
conditions can be controlled by the flow rate of the
nanoparticle dispersion toward the permanent mag-
net. The particles approach the permanent magnet fast
for high flow rates. Thus, the external field increases
rapidly (Figure S2). The rapid increase in external field
leads to a rather chaotic assembly of the particles in
statistical fashion. On the contrary, a slow flow rate
leads to a slow increase in magnetic field and an
ordered assembly of the particles by size. Hence,
the flow rate and concomitant velocity of external
magnetic field application is the key parameter for a
variable sequencing of larger and smaller particles
within the chain, from preferably statistical to block-
like structures (Figure 1b). Furthermore, when the
size difference of neighboring nanocolloids is very
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large, the introduction of junction points is achieved
(Figure 1¢). The larger the size difference between the
particles, the more likely is the creation of such a
junction point. By varying the concentration of disper-
sions containing very large and very small colloids
(with a broad size distribution), single branched chains
or whole networks of nanoparticle chains can be
obtained depending on the concentration of the dis-
persion. At low concentrations single-branched chains
are obtained while higher nanoparticle concentrations
typically result in network architectures.

Linear Chains with Size-Sequence Control. Using a dis-
persion of single nanoparticle building blocks, one-
dimensional structures can be governed by the con-
trolled assembly of the nanospheres in the presence of
an external magnetic field and permanent linkage of
the assembly by physical interactions,®' encapsu-
lation,>>>* electrolyte complexes,®*>® or covalent
binding.?” Here, we use thermal sintering for the fusion
of neighboring nanoparticles since the particles are
easily accessible and can be produced with various
morphologies and the fusion takes place rapidly.?®
Making use of this assembly and fusion process, we
found that implementation of nanoparticles with a
rather narrow size distribution (preferably o < 10%)
yields predominantly linear chains (see Figure S3b for
particle characterization and Figure S4 for linear
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chains). The length of the chains can be tailored by the
concentration of the nanoparticle dispersion and the
time the particles have to assemble and fuse. With
increasing concentration and time, the length of the
chain can be increased.

A closer look at the role of the inserted nanoparti-
cles during the assembly process revealed that the
polydispersity of the nanoparticles in dispersion plays a
very crucial role for the assembly process and thus the
structure of the resulting chain. A nanoparticle disper-
sion with a rather monodisperse size distribution
typically leads to linear chain (in analogy to homo-
polymers), while a polydisperse size distribution results
in the formation of more elaborate structures. Hence, a
nanoparticle dispersion with a larger polydispersity
can be used to purposely create defined assembly
architectures of nanoparticle building blocks. When
considering nanoparticles with different sizes (e.g.,
from a polydisperse sample) as different types of
monomers, a sequencing analogous to that known
from polymer chemistry can be observed for the
assembly of the superparamagnetic polystyrene nano-
particles. Depending on the assembly conditions,
block- or statistical copolymer-like sequencing of
nanoparticles with different sizes can be observed.
The flow parameter provides the basis to control the
sequence of differently sized particles within a chain.
By tailoring the flow rate of the dispersion toward
the permanent magnet, the increase of the magnetic
field strength can be controlled (see Figure S1 for flow
setup to obtain nanoparticle chains and Figure S2 for
distance-dependent magnetic field). Hence, for a faster
flow rate of the dispersion toward the permanent
magnet, the external magnetic field increases faster.
Afast flow rate (fast increase in external magnetic field)
leads to a rather statistical sequencing of differently
sized particles within the chain. In the case of a slow
flow rate (slow increase in external magnetic field), a
sequence with smaller and larger particles arranged in
size-separated blocks is observed. Hence, the assembly
velocity of nanoparticles has to be dependent on how
fast the external magnetic field is applied (Figure 2a).
Once the particles assemble under the external mag-
netic field and get in contact with each other, a fast
fusion within seconds?® guarantees to “freeze” the
assembled state of the nanoparticles and thus allows
for a detailed investigation of the assembly process via
TEM imaging (Figure 2b—e).

TEM analysis of nanoparticle chains formed by the
controlled assembly and fusion of a nanoparticle dis-
persion with a rather broad polydispersity (Figure S3a)
reveal the possibility of size-self-assembly of nanopar-
ticles to form blocks of similarly sized neighboring
particles (Figure 2b,c). Therefore, a slow flow rate of
the nanoparticle dispersion toward the permanent
magnet should be chosen (~15—-3 mm-s~' or
~2—4 mL-h™"). Under these conditions, a remarkable
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Figure 2. Controlled size-self-assembly of large and small
nanoparticles within a chain. (a) Schematics depicting the
two possibilities to align a polydisperse sample of nano-
particles. When all particles have the same reactivity, a
statistical assembly occurs. In the case of low flow rates
(slow increase of the magnetic field), larger particles exhibit
a higher reactivity in the early stage of the assembly process
(the magnetic field is still relatively low) due to their higher
magnetic content and thus their stronger response to the
magnetic field. Smaller particles start to assemble later in
the process (when the magnetic field strength is increased).
Consequently, the larger particles assemble first followed
by the assembly of smaller particles at the edges of the
chain. In the case of faster flow rates, this size-dependent
assembly cannot be observed since the magnetic field
increase is too fast to allow for a separated assembly of
large particles. Here, smaller and larger particles assemble
simultaneously leading to a rather statistical size-sequencing
within the chain. (b) TEM image of shorter chains of nano-
particles with the tendency to form small blocks of larger and
smaller particles. Often the larger particles are found toward
the middle of the chains and the smaller ones toward the
ends. (c) TEM image of larger chains with large blocks of
larger and smaller particles. (d) TEM image of statistically
assembled nanoparticles into chains. (e) Graph illustrating
the probability that neighboring particles have similar sizes
with respect to the flow conditions. For a slow flow rate, the
DO is high and decreases with increasing flow rate.

separation between the larger particles (~200—
300 nm) and the smaller particles (~100—150 nm)
within the chains can be observed. The size-separation
is observed independently of the length of the chains
(for lower and higher solid content nanoparticle dis-
persions, 0.4 and 1.5 wt %, respectively) as shown in
Figure 2b,c for short and long chains, respectively. In
long chains, however (Figure 2¢), long blocks of large or
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small particles are possible. In the case of shorter chains
(Figure 2b), only short blocks of large or small particles
are formed. A rather statistical distribution of larger and
smaller particles within the chain is instead observed
when a fast flow rate of ~30 mm-s~" or ~40mL-h"is
applied (Figure 2d). To investigate the difference in
size-sequencing with the flow rate, a quantitative
analysis was performed. The degree of order (size
difference of neighboring particles) was analyzed with
respect to the flow rate of the nanoparticle dispersion
(see Figure 2e) and therefore with the velocity of the
increase of the external magnetic field. The size ratio
of neighboring nanoparticles was analyzed and the
degree of order (DO) plotted against the flow rate (see
Figure 2e for definition of DO). The DO describes the
percentage of neighboring particles that have a similar
size (<than the set size ratio of 1.25, 1.50, 1.75, or 2.0) as
described in Figure 2e. The DO was calculated for a
completely statistical arrangement of the nanoparti-
cles with the given size distribution (Figure S3a) and
the values added as dashed lines. When the flow rate
is increased, the DO of all investigated samples con-
verges toward the dashed line of the statistical
arrangement. However, the DO is considerably higher
when the flow rate is very slow. Impressively, the
probability for neighboring particles to have a size
ratio of two or more is significantly higher (5—6 times)
for a fast flow rate than for a slow flow rate.

We next direct our attention toward the size-
dependent assembly of the colloids with respect to
the flow rate and thus the velocity of magnetic field
application. Considering that all of the hybrid nano-
particles, no matter how large they are, consist to the
same percentage of inorganic iron oxide (as suggested
by TGA measurements and TEM analysis), the satura-
tion magnetization of the particles increases linearly
with their volume. Thus, the amount of superparamag-
netic iron oxides is proportional to the diameter of the
particles to a power of three. The pronounced depen-
dence of the nanoparticle size on the iron oxide
content and therefore the generated magnetic field
of each particle is a key factor in their size-dependent
self-assembly. The assembly time 7 of the superpara-
magnetic nanoparticles is (among other factors) de-
pendent on the radius r of the particles and the
magnetic field H and can be described in a simplified
way as follows:*%3°

1

T ——
roH2

(M
Hence, the assembly time is highly dependent on the
radius of the nanoparticles. In consequence, one can
expect larger particles to assemble faster and smaller
particles to assemble later.

In addition to the faster assembly time, the stron-
ger force between larger particles can also lead
to a size-dependent assembly. The force F between
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two particles can be described as follows (for parallel
aligned dipoles):*°

F =~ r°H? ()]

Chaining of particles is only possible when the
attraction force between two particles is higher than
their thermal energy.®® Hence, for weaker magnetic
fields only large particles fulfill this criterion and can
chain.

In summary, the strong size-dependency of the
assembly time and with the interaction force of mag-
netic colloids is responsible for their distinct assembly
by size within a chain. The size-dependent assembly
from an originally polydisperse colloid dispersion is
observed, when the magnetic field is ramped-up
slowly when applying a slow flow (Figure S2).

However, the size-dependent assembly can be
repressed when the magnetic field is ramped-up
rapidly. In this case, H reaches a high value very fast.
Hence, the attraction force between particles increases
fast and the assembly time is accelerated. As a result of
the stronger forces between the particles, also smaller
particles chain early in the process since their attraction
force is stronger than their thermal energy. Further, the
accelerated assembly leads to a smaller (average) time
difference for the assembly of particles with different
radii. Hence, the radius does not play such a dominant
role any more.

Because larger particles assembly first (when the
field is ramped slowly), one can often observe larger
particles in the middle of the chain, whereas the outer
parts of the chain are often composed of smaller
particles (see Figure 2b and Figure S5). The ordered
sequence does not occur in all of the chains. Never-
theless, it is clearly the predominant arrangement. This
preferred arrangement of larger particles in the middle
of the chain and the smaller particles at the end of the
chain additionally underpins the hypothesis for a faster
assembly of larger particles when the external mag-
netic field is applied slowly. Then the smaller particles
assemble from both sides of the growing chain. In the
case of faster flow rates and thus a fast increase in the
magnetic field, a more statistical assembly is obtained.
The increase in the magnetic field is too fast for a size-
selective assembly of the large particles. The particle
dispersion is directly exposed to a rather strong mag-
netic field, which results in the statistical assembly of
small and large particles.

In conclusion, the sequence of larger and smaller
particles within a nanochain can be controlled by the
flow rate and thus by the ramping of the magnetic
field. Owing to this simple relationship, the formation
of a statistical or a block-like distribution of different
particle sizes within a chain is controllable by the flow
rate of the dispersion in the device.

Formation of Single Branched Chains or Networks of Chains.
When the number of binding partners of a building
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block in a polymer is higher than two, a junction is
formed. At a certain concentration and number of
junction points, networks can be created.*’ When
colloids at a certain concentration interact with each
other they can form all different types of 3D structures
from gel to crystals and glasses with abundant
uses.*** In these cases, the interactions between the
colloids are usually not site specific. Implementation of
site-specificity into colloids is challenging. To prepare
(nano)colloids with a defined number of binding part-
ners, a certain anisotropy is usually introduced on the
surface of the particles. This can either be an anisotropy
in shape as in the case of buckling** or faceting,* or
an anisotropy in the surface functionalization*®*’ or
roughness.*”’”*® Then, the defined anisotropy can be
used to selectively link (nano)particles in many differ-
ent ways.*®

Here, we show that the surface of the colloids does
not have to be specifically designed in order to achieve
a binding of more than two colloids to one building
block. Conversely, the size ratio of two neighboring
particles is used to introduce junction points into the
linear arrangement of the hybrid nanoparticles in-
duced by the magnetic field. The formation of a
junction point where three or more small colloids
binding to one large particle is schematically depicted
in Figure 3a. The combination of a large particle with
several small binding partners provides the basis for
such a junction. The reason for the high probability to
form junctions when the size ratio of neighboring
particles is large originates mainly from steric consid-
erations: The larger the size ratio of two particles, the
more small particles “fit" next to a large particle. The
occurrence of junctions as a function of the large to
small ratio of neighboring particles was analyzed by
TEM measurements and quantified as shown in
Figure 3e (see methods for details). For neighboring
particles with similar sizes, almost no junctions were
observed. However, when increasing the size ratio
between neighboring particles, the probability to
obtain a junction point increases significantly with
the size ratio of the two neighboring particles. Two
examples for a junction are shown as TEM images in
Figure 3b,c. The first image shows three small colloids
binding to one large particle, and the second image
shows four small colloids in neighboring position to
one large building block. As a result, junctions are
introduced in the nanoparticle chains.

The influence of the flow rate on the sequence of
large and small particles within the chain has already
been discussed. With increasing flow rate, neighboring
particles tend to arrange in a statistical fashion and do
not self-assemble by size. To obtain junction points, a
rather statistical sequencing of larger and smaller
particles promotes a higher probability to obtain junc-
tion points. The dependence of the probability of
obtaining junction points was quantified with respect
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Figure 3. Introduction of junction points into a growing
chain of nanopatrticles. (a) Schematic illustration of the two
possibilities of a growing chain. When particles of a similar
size “react” with each other, linear growth commonly
occurs. When two small particles meet a very large particle,
the introduction of a junction becomes likely. (b) TEM image
of a branched nanoparticles chain where the larger particles
act as junction point. (c) TEM image of a branched chain with
a very large particle acting as junction point in both direc-
tions of the chain. (d) TEM image of a whole network of
cross-linked nanoparticle chains by a combination of large
chains with high branching probability (a nanoparticle
dispersion with high polydispersity). (e) Graph illustrating
the relative probability for the occurrence of junction points
with the size ratio of two neighboring particles. Larger size
ratios between small and large particles increase the like-
lihood of branching to occur. In the case of smaller ratios,
mainly linear chains result. (f) Dependence of the percent-
age of branching points in a nanoparticle chain with the
flow speed.

to the flow rate of the particle dispersion as shown in
Figure 3f. The quantification clearly underlines the
relationship between particle flow rate and branching
probability. Thus, the introduction of junction points
within the chain can be tailored not only by the size
difference (polydispersity) of neighboring particles but
additionally by the flow conditions.

It is also possible to form a network of nanoparticle
chains (Figure 3d). The occurrence of a network can be
easily calculated based on the probability of a junction
point per particle and the amount of particles per
chain, the degree of polymerization. The critical extent
for the formation of a network is reached when the
number of junction points equals the inverse of the
degree of polymerization.>® From this relationship, the
formation of a network can be easily calculated and
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predicted. On the basis of the possibility to tune the
chain length with time and concentration in addition
to introduce junction points by controlling the flow
rate and polydispersity, networks of nanoparticles can
be created with the process described.

CONCLUSIONS

A novel method for the fabrication of various
polymer-like architectures from nanocolloids using a
facile assembly and fusion principle was demonstrated.
The size difference/polydispersity of the inserted col-
loids can thereby be utilized to create a library of
different architectures. Linear chains can be obtained
from nanoparticle dispersions with a rather narrow size
distribution. For dispersions with higher polydispersity,
the sequence of larger and smaller particles within the

METHODS

Synthesis of Iron Oxide Nanoparticles. Oleate-capped iron oxide
nanoparticles were synthesized after a reported procedure with
slight modifications.®>" Briefly, 12.0 g of ferrous chloride tetra-
hydrate and 24.4 g of ferric chloride hexahydrate were dissolved
in 100 mL of deionized water at room temperature and filtered
to remove insoluble impurities. Subsequently, 40 mL of a 28%
ammonium hydroxide solution was added dropwise followed
by the addition of 4.0 g of oleic acid. The reaction mixture was
heated to 70 °C for 1 h and afterward to 110 °C for 2 h. The
evaporating water was constantly refilled with deionized water.
Within the heating step, clustering and precipitation of the iron
oxide nanoparticles was observed. After cooling the reaction
mixture, the resulting black residue was rinsed several times
with deionized water followed by drying under vacuum at 40 °C
overnight.

Synthesis of Polystyrene Nanoparticles with Encapsulated Iron Oxide.
The synthesis of polystyrene nanoparticles with encapsulated
iron oxide was performed as described previously.?®> Briefly,
1 g of oleate-capped iron oxide nanoparticles was redispersed
in 2 g of n-octane for 30 min in a sonication bath followed by
the addition of 24 g of an aqueous solution containing 25 mg
of sodium dodecyl sulfate (SDS). The two phase system was
sonified with a tip sonifier for 3 min under ice cooling (70%
amplitude, 10 s pulse, 5 s pause) and stirred nonmagnetically
(KPG-stirrer) at room temperature. Separately, 1 g of styrene was
mixed with 30 mg of n-hexadecane and 24 g of 10 mg of SDS
containing aqueous solution. After sonication with a tip sonifier
for 1T min under ice cooling (10% amplitude, 5 s pulse, 5 s pause),
the dispersion was added to the iron oxide containing disper-
sion. Nitrogen was bubbled through the combined dispersions
for 5 min, 20 mg of potassium persulfate (KPS) and 30 mg of
sodium styrenesulfonate were added, and the reaction mixture
was heated to 80 °C under stirring for 8 h. Purification of the
superparamagnetic polystyrene particles was carried out mag-
netically and by centrifugation. The obtained nanoparticles
were analyzed via DLS (Nicomp zetasizer at a fixed angle of
90° at 25 °C), TGA (thermobalance Mettler Toledo TGA/SDTA
851 at a heating rate of 10 K-min~' from 25—800 °C under
nitrogen atmosphere), zeta potential measurements (Malvern
Instruments Zeta Nanosizer at a detection angle of 173° in
an excess of 1073 M KCl aqueous solution), by solid content
determination (gravimetrically), and TEM imaging (Zeiss EM912
at an acceleration voltage of 120 kV on 300-mesh carbon-
coated copper grid.). To lower the particle size distribution,
the particles were separated by size by centrifugation for 15 min
at revolutions per minute between 600 and 1600.

Linear Assembly and Fusion of Superparamagnetic Polymer Hybrid
Nanoparticles. The setup shown in Figure S1 was used for chain

BANNWARTH ET AL.

chain can be controlled by the applied flow rate and
thus by the velocity of the magnetic field application.
Because of this simple relationship, the formation of
block-like or statistical copolymers can be well con-
trolled. Furthermore, junction points can be intro-
duced into the chains and can be tailored by the flow
conditions and the polydispersity of the sample. Intro-
duction of single junction points into chains as well as
the fabrication of whole networks of particles becomes
possible. Thus, highly elaborate architectures can be
created from dispersions with low precision colloids. In
summary, an innovative method for the generation of
complex yet defined architectures by magnetic assem-
bly and thermal fusion is demonstrated, which can
provide a means to make defined structures from
simple spherical building blocks.

formation from iron oxide/polymer hybrid nanoparticles. For
long linear chains (=40 nanoparticles per chain), the polydis-
persity of the nanoparticle dispersion should be narrow
(0 < 10%). Therefore, an aqueous nanoparticle dispersion
(0.2—2 wt % solid content) containing 0.05 wt % SDS was
pumped through a glass (or silicone) tube (approximately
0.7 mm in diameter) with a flow rate of 1—40 mL-h~"' (Postnova
analytics PN 1610 syringe closing system). The middle part of the
tube was positioned in a heated oil bath (at ~95 °C) with a static
ring magnet (>300 mT closest to the magnet) in the middle.
When nanoparticle dispersions with a higher polydispersity are
used, also predominantly linear chains can be obtained. There-
fore, the flow rate should be slow (1—5 mL-h™"). Once pumped
through the system, the chains can be collected at the end of the
tube. For TEM analysis, the chains were precipitated magnetically
and redispersed in deionized water to remove excess SDS.
For determination of the average number of particles per chain,
100 chains were analyzed per sample.

Control over Self-Assembly by Particle Sizes to Form Block Copolymers.
To obtain nanoparticle chains with a controlled sequence, a
dispersion with broader size distribution (typically 30% < o <
40%) was implemented in the process described above for
chain formation. The sequence of the resulting chain in terms of
neighboring nanoparticle sizes can be controlled by the flow
conditions (as shown in Figure 2e). Analysis of the chains was
done from TEM images. Determination of the particle diameter
was done using Imagel. For the determination of the degree of
order, >500 particles were counted from TEM images.

Introducing Junction Points to Control the Degree of Branching and
Form Networks. Chains containing junction points can be made
using the same process. Here, the polydispersity of the nano-
particle dispersion should be high in order to form many
junction points (o0 &~ 50%). Different flow speeds were investi-
gated (1—40 mL-h™") to determine the influence of the flow
rate on the branching probability (Figure 3f). Analysis was done
from TEM images using ImagelJ to calculate the particle dia-
meters. For the study of the branching probability with respect
to the size ratio of neighboring particles, 300 junction points
were analyzed from TEM images. The junction points were
categorized into different size-ratio regimes (size-ratio of
1.0—1.5; 1.5—2.0; 2.0—3.0; 3.0—4.0) and the number of junction
points that were counted from TEM images for each of the
regimes divided by the probability that two neighboring nano-
particles meet this size-ratio criterion in a statistical chain.
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