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C
olloidal particles with strong mag-
netic moments are of special interest
for many applications where a large

magnetic response is required.1�4 Such
applications include the magnetic carriers
used for the separation of biomolecules
from complexmedia, magnetically targeted
drug-delivery systems,5�8 and the building
blocks for magnetically tunable photonic
crystals.9�11 Organizing magnetic nanopar-
ticles into complex hierarchical structures in
a template-free manner is a particularly
challenging task.12 Frequently, superpara-
magnetic nanoparticles (SNPs) with sizes
below ∼20 nm have been considered for
such applications. Unlike the larger ferro-
magnetic particles, these SNPs do not ag-
glomerate in a suspension as a result of the
attractive magnetic dipole�dipole interac-
tions and, therefore, can form stable col-
loids.13 However, due to the small size re-
quired to achieve the superparamagnetic

state, the individual SNPs have only small
magnetic moments, which are frequently
too small to allow for effective magnetic
manipulation.14,15As themagnetization isfixed
by the choice of the magnetic material;
most commonly, inexpensive and nontoxic
magnetic iron oxide is used;this means
the magnetic moment largely depends on
the size of nanoparticles. In order to im-
prove the magnetic response while main-
taining the superparamagnetic state of the
colloidal particles, various self-assembly
strategies have been employed to assemble
the individual SNPs into superparamagnetic
nanoparticle clusters (SNCs).6,16�19 After the
assembly, the nanoparticle clusters are
usually coated with a layer of silica in order
to improve the structural stability. Such
SNCs in a colloidal suspension exhibit a
strong response to an external magnetic
field, which means they can be guided
effectively using a magnetic field gradient,
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ABSTRACT We report on the syntheses of magnetoresponsive, super-

paramagnetic nanostructures with highly anisotropic shapes, i.e., nanochains

of controlled length and their bundles (nanobundles). These nanochains and

nanobundles were obtained by the simultaneous magnetic assembly of

superparamagnetic nanoparticle clusters (SNCs) and the fixation of the

assembled SNCs with an additional layer of deposited silica, produced by a

sol�gel process. This low-cost approach provides excellent length control of

the short nanochains (approximately 6 or 14 SNCs per nanochain) and fine-

tuning of the spacing between the neighboring SNCs inside an individual

nanochain. Our magnetically responsive superparamagnetic nanostructures

have a controlled aspect ratio, a uniform size, and a well-defined shape, and

they express good colloidal stability. This general approach should lead to new, advanced applications of the nanochains and nanobundles in the treatment

of cancer and in the ability to magnetically manipulate liquid and photonic crystals.

KEYWORDS: directed assembly . dynamic magnetic assembly . iron oxide nanochains . nanoparticle clusters . nanobundles .
nanostructures

A
RTIC

LE



KRALJ AND MAKOVEC VOL. 9 ’ NO. 10 ’ 9700–9707 ’ 2015

www.acsnano.org

9701

and, even more importantly, they quickly arrange into
one-dimensional, chain-like structures when exposed
to a homogeneousmagnetic field.20�22 The periodicity
of this internal structure can be precisely tuned by the
strength of the appliedmagnetic field. This effect is the
basis for applications in magnetically tunable photonic
crystals.23�25

The magnetic-field-assisted assembly of superpara-
magnetic particles in a suspension can also be applied
for the syntheses of 1-D nanostructures, such as nano-
chains, nanorods, or peapod-like particles.20,26�28 The
anisotropy of their shape, their strong magnetic
moment, and the regular periodicity of their structure
(i.e., the size of the primary SNCs in the nanochain and
the defined spacing between the adjacent SNCs) give
them many advantages in potential applications. In
addition, the regular periodicity of the SNCs inside the
nanochains can serve as a basic structural color unit for
a new type of photonic inks.29

For the syntheses of the chain-like structures, the
SNCs can be magnetically assembled into nanochains
and simultaneously fixated by coating with a layer of
silica, carbon, or titania to keep their structure perma-
nentwhen the appliedmagneticfield is turnedoff.26,27,30

Since the SNCs come into close proximity during the
magnetic assembly, the periodicity of the 1-D structure
can be easily determined by the size of the SNCs and
the thickness of their primary coating. However, con-
trol of the nanochain length, defined by the number of
SNCs in the nanochain, has remained a challenge,
despite the significant progress in colloidal synthesis
and processing over the past two decades.26,31 In
particular, the controlled direct synthesis of silica-
fixated superparamagnetic nanochains with lengths
shorter than 2 μm, containing only up to 20 SNCs
per nanochain, appears to be relatively difficult. More-
over, combinations of magnetic-field-assisted dy-
namic assembly with flow-induced disassembly were
rarely described in the scientific literature.2 Ding and
co-workers demonstrated advances in the fabrica-
tion of photonic crystals from magnetic ellipsoid
particles with controlled solvent evaporation and
magnetic-field-assisted particle deposition on a solid
support.32

Here, we present a versatile and flexible approach
based on the simultaneous magnetic assembly and
stirring-induced disassembly of SNCs into nanochains
and their bundles (nanobundles) followed by their
fixation with an additional layer of deposited silica.
The magnetic assembly of nanochains was stabilized
by polyvinylpyrrolidone (PVP) and fixated by the de-
position of an additional layer of silica using the
controlled hydrolysis and condensation of tetraethoxy-
silane (TEOS). Our approach enables excellent length
control for the shorter nanochains composed of up
to∼20 SNCs, whereas the length control of the longer
nanochains was less precise. The PVP stabilized the

temporarily magnetically assembled nanochains in the
suspension during stirring, which made it possible to
fixate the nanochains by silica deposition. The nano-
chain length was controlled by the time for which the
suspension was exposed to the magnetic field: longer
periods of exposure to a magnetic field led to the for-
mation of longer nanochains. Apart from the strength
of the magnetic field and the SNC volume fraction, the
important parameters for controlling the nanochain
length are the concentration of PVP, the stirring rate,
and the magnetic-field exposure time. An additional
special advantage of our approach is the possibility
to fine-tune the spacing between neighboring SNCs
inside individual nanochains by controlling just the
thickness of the SNCs' primary silica coating.

RESULTS AND DISCUSSION

The fabrication processes for the nanochains and
nanobundles are schematically presented in Figure 1.
Highly colloidally stable, aqueous suspensions of
superparamagneticmaghemite (γ-Fe2O3) nanoparticle
clusters with either 5 nm (SNC5) or 20 nm thick (SNC20)
primary silica coatings were provided by Nanos SCI.
The average SNC sizewas determined from the trans-

mission electron microscopy (TEM, Jeol, JEM 2100)
images (Figure 2) to be 114 and 146 nm (Figure 2c,f)
for the 5 nm and 20 nm thick silica shells, respectively.
The SNCs showed superparamagnetic properties with
a saturation magnetization MS of ∼45 A m2 kg�1 and
∼32.1 A m2 kg�1 for SNC5 and SNC20, respectively,
corresponding to ∼68 wt % (SNC5) and ∼49 wt %
(SNC20) of the magnetic phase (the MS of the magh-
emite nanoparticles used for the assembly of the SNCs
was 66 A m2 kg�1). The density of the particles was
estimated from their composition to be 4402 and 3248
kg/m3 for the SNC5 and SNC20, respectively.

Figure 1. Schematic representation of the fabrication pro-
cess (left-hand image) and the corresponding transmission
electronmicroscopy images (right-hand image) of (a) silica-
coated superparamagnetic nanoparticle clusters, (b) nano-
chains, and (c) nanobundles.
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First, the aqueous suspension of SNCs was trans-
ferred to the PVP solution and then exposed to a
homogeneous magnetic field. Our experiments sug-
gest that themacromolecules of the hydrophilic, neutral
PVP polymer stabilize the structure of the magnetically
assembled clusters, thereby decreasing the rate of
disintegration due to stirring. The PVP-stabilized nano-
chain structures were permanently fixated with an
additional layer of deposited silica, which is a product
of the hydrolysis and condensation of TEOS in the
presence of ammonia acting as the catalyst.
Under the influence of an appliedmagnetic field the

SNCs in the suspension assemble into the chains due
to magnetic dipole�dipole attractions. The maximum
attraction of the magnetic dipolar interaction is de-
scribed by a dimensionless dipole strength λ relative to
the thermal energy (kT) disassembling the chains:

Umax

kT
¼ �λ ¼

πμo
d

2

� �3

H2χ2

9kT
(1)

where Umax is a maximum potential energy of the
interaction between two spheres with identical mag-
netic dipole moments in close contact aligned in the
direction of the field, kT is the Boltzmann constant
multiplied by the temperature, d is the cluster diameter,
χ is the magnetic susceptibility, μo is the magnetic
permeability of the vacuum, and H is the applied
magnetic field.33 The interaction thus scales with the
square of the particles' magnetization (M = χH). Chan-
ging of the volume magnetization Mvol and the dipole
strength λ with the applied H for the SNCs used is
shown in Figure S1 (Supporting Information). Usually,
λ with small values above 1 (typically 2�5) are already
enough to assemble the magnetic particles into the
chains. At higher values of λ the chains start to coa-
lescence laterally to formbundles (columns,fibers).33�37

The dominant mechanism for the chains' coalescence
depends on several factors, including the volume
fraction, the dipole strength, and the tendency of the

system to form defects due to aggregation kinetics,
particle polydispersity, roughness, or magnetic hetero-
geneity.37

During the fabrication of the nanochains and nano-
bundles the suspension was stirred. The stirring pro-
duces shear stress, continuously breaking the chains
assembled by the magnetic dipolar interactions. The
magnetically assembled chains break due to viscous
forces, which are different for both ends of the chain
subjected to a shear flow.38

In our first synthesis attempt, nanochains of uncon-
trolled lengths were formed most probably because
the attractive magnetic dipolar interactions between
the SNCs were induced by a weak and nonuniform
magnetic field during conventional magnetic stirring
(Supporting Information Figure S2). The magnetic field
induced by the magnetic stirrer was a maximum of
∼1.6 � 104 A m�1, corresponding to the dipole
strength λ of 76 and 68 for SNC5 and SNC20, respec-
tively, and the reaction mixture was exposed to the
magnetic field for the whole 3 h (a typical time period
for the complete synthesis process). The synthesis was
carried out at a PVP concentration of 1.25 � 10�4 M
and an SNC concentration of 1.6 � 10�8 M, corre-
sponding to a volume fraction φ ≈ 0.002. First, the
TEOS was slowly hydrolyzed at pH 4.3 for 90 min, and
then the nucleation of the silica was initiated by the
addition of diluted ammonia to set the pH to a value
of ∼8. Next, we systematically studied all the relevant
factors influencing the fabrication of the nanostruc-
tures in the presence of a controlled and uniform
magnetic field.

Impact of PVP. The PVP stabilized the temporarily
magnetically assembled nanochains in the suspension
during stirring, which made it possible to fixate the
nanostructures by silica deposition. The stabilizing
polymer was carefully chosen based on the expected
interactions with the silica surface, depending on the
reaction mixture's pH. The PVP was an ideal candidate
since it forms relatively weak hydrogen bonds with

Figure 2. (a, b, d, and e) TEM images and the size distribution (the size expressed as an equivalent diameter was determined
from the TEM images using DigitalMicrograph software) for the SNC5 nanoparticle clusters coated with (c) a 5 nm thick silica
shell and the SNC20 with (f) a 20 nm thick silica shell.
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silica OH groups in moderately acidic media.39 An
increase in pH leads to the dissociation of the silica
surface OH groups and a decreased potential for
hydrogen bonding between the polymer and the sur-
face. The silica OHgroups becamedissociated once the
pH of the reaction mixture was increased, and this
promotes continuous desorption of the PVP from the
silica surfaces. Thus, the hydrolyzed silica precursors
can be continuously deposited on the assembled
structures in the form of a secondary layer of silica
during the pH increase. In contrast, we found that the
stronger electrostatic attractive interactions between
the negatively charged silica surface and the cationic
polyelectrolyte/surfactant poly(allylamine) (PAH) were
not suitable for the stabilization of our system. The
PAH of similar molecular weight to the PVP promoted
the cross-linking of the SNCs due to strong attractive
interactions, which leads to uncontrolled agglomera-
tion. Anionic surfactants cannot be used for the stabi-
lization of the suspension containing the particles with
negatively charged silica surfaces. However, the ani-
onic surfactants, such as poly(acrylic acid) (PAA), can be
used for the stabilization of the iron-oxide magnetic
nanoparticles without the silica shell. The PAAwas thus
successfully applied for the stabilization of the mag-
netic nanoparticles during their assembly in the form
of filaments.40

The absence of PVP in the suspension impairs the
colloidal stability during the sol�gel process, and
the clusters tend to agglomerate permanently after
increasing the pHwith ammonia, which is necessary to
catalyze the hydrolysis of the TEOS. PVP concentrations
below 0.1 � 10�4 M led to an additional coating of
SNCs and to their partial agglomeration (Supporting
Information Figure S3), whereas concentrations of PVP
higher than 3.7 � 10�4 M favored the homogeneous
nucleation and growth of individual silica nanoparti-
cles and an additional coating of primarily silica-coated
clusters (Supporting Information Figure S4). This shows
that the optimum PVP concentration is crucial for the
preparation of well-defined nanochains.

Magnetic-Field Strength. The application of amagnetic
field is needed to align the superparamagnetic clusters
into nanochains. The magnetic-field strengths above
approximately 8 � 103 A m�1, corresponding to the
dipole strengths λ of ∼27 (SNC5) and ∼16 (SNC20),
effectively form the nanochains in the suspension with
the volume fraction of SNCs φ = 0.002. The value of λ is
considerably larger than the usually reported values in
the literature for magnetic dipolar assembly and re-
flects the influence of stirring, which continuously
breaks the formed chains. However, the volume frac-
tion was also considerably lower than those usually
reported for the magnetic assembly of superparamag-
netic particles into chains. Usually, the magnetic as-
sembly of larger, micrometer-sized superparamagnetic
particles in suspensions was studied on the basis of

direct observations using optical microscopy.33,37,41

Theoretically, the chains will form as soon as the
magnetic dipole strength exceeds the thermal energy.
Experimentally, Fermigier and Gast observed a satura-
tion of the chain length at a dipole strength λ = 4.5 and
a volume fraction φ = 0.005 and at λ = 2.2 for the larger
φ = 0.011.33

The nanochains further evolved into nanobundles
once the suspension (φ = 0.002) was exposed to a
strongermagnetic field of 8.8� 104 Am�1, but only for
the SNC5 (dipole strength λ was 428). For the SNC20
the value of λ remained too low (λ≈ 254) for the lateral
coalescence of the formed nanochains into the nano-
bundles. Themagnetic field of 8.8� 104 Am�1 was the
highest uniformmagnetic field that we can apply. If the
magnetic field was further increased, a nonuniform
product was formed because of the nonhomogeneity
of the applied field. The mechanisms involved in the
lateral coalescence of the chains were systematically
presented by Furst and Gast.37

Duration of Magnetic-Field Exposure. The magnetically
assembled nanochains should be preserved long
enough for them to be fixated by the silica coating.
The key to controlling the length of the synthesized
nanochains is the duration of the reaction mixture's
exposure to themagnetic field. The optimummagnetic-
field exposure times for the SNC5 suspension (H≈ 5.2�
104 A m�1, λ ≈ 284, φ = 0.002) were 85 and 120 min
for the shortest nanochains (CHAINS 6) and medium
nanochains (CHAINS 14) composed of ∼6 and ∼14
clusters per nanochain, respectively (Figure 3a,b,d,e).
When the time of exposure to the magnetic field
was longer than 3 h, an uncontrolled interchain silica
bridging was frequently observed (Supporting Infor-
mation Figure S5). Longer periods of exposure for the
suspension containing SNC5 led to longer and less
defined nanochains, whereas the exposures shorter
than 1 h led to individual, additionally silica-coated
SNCs, because the hydrolysis of the TEOS cannot be
completed and not enough silica is deposited to fixate
the temporarily assembled clusters into nanochains.

The length of the nanochains composed of SNC20
cannot be controlled as precisely as in the case of
SNC5. The longer chains were fixated in the suspension
of SNC20, where the dipole strength was considerably
smaller (λ ≈ 176), while all other parameters of the
assembly remained unchanged. In the case of the
SNC20 the length of the nanochains varied from 10
to 40 SNC20 per nanochain, irrespective of the field-
exposure time (CHAINS L). Promislow and co-workers
showed that the chain length s growswith a power-law
dependence on time t (s∼ tz). The power-law exponent
z has a weak inverse dependence on both the volume
fraction φ and the dipole strength λ.41 Thus, with lower
values of λ, larger chains are generally expected for a
particular time of themagnetic assembly. However, the
dipole strength λ has the opposite influence on the
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stirring-induced disassembly. Under stirring the mag-
netically assembled chains will disassemble faster at
lower values of λ.38 While the length of the nanochains
assembled in the suspension is determined by the
processes of magnetic assembly and the stirring-
induced disassembly, the final length of the synthe-
sized nanochains additionally depends on the effi-
ciency of the sol�gel process applied to permanently
fixate the assembled structure. This process depends
crucially on the colloidal properties of the suspension
during the process of the secondary silica deposition,
strongly influenced by use of the PVP surfactant.

Volume Fraction. Similarly, a low concentration (low
volume fraction) of SNCs in the suspension made the
formation of nanochains under a magnetic field prac-
tically impossible. Highly diluted SNC suspensions with
concentrations lower than 0.4 � 10�9 M (volume
fraction φ ≈ 5 � 10�5) cannot be used for the fabrica-
tion of permanent nanochains because the clusters are
too far apart for an effective magnetic assembly into
nanochains or because the assembled structures dis-
integrate before they are fixated by an additional layer
of silica. SNC concentrations higher than 1 � 10�7 M
(volume fraction φ ≈ 1.25 � 10�2) usually lead to
nonuniform products composed of structures such as
additionally silica-coated clusters, nanochains of vari-
ous lengths, and larger, silica-connected clusters with
undefined shapes. The rapid magnetic assembly of

SNCs into nanochains is unaffected, even at a cluster
concentration of 5� 10�7M (volume fraction φ≈ 6.25�
10�2).37 These results suggest that the higher cluster
density and the consequently reduced diffusion of the
reactants limit the possibility for a controlled sol�gel
synthesis. He and co-workers reported on the mag-
netic assembly of nonmagnetic polystyrene beads in
ferrofluids where interesting phase evolutions of 1-D
chain-like structures, 2-D labyrinth- and ribbon-like
structures, and 3-D assemblies were observed at a high
volume fraction φ ≈ 0.04.42 Zhang and co-workers
described a dynamic magnetic assembly process
where 2-D labyrinth structures were fixated by silica.34

These photonic structures were prepared at∼10 times
higher volume fractions compared with the particle
concentration used in our study.

Apart from the nanochain length, the distance be-
tween the SNCs inside an individual nanochain is im-
portant for applications in tunablephotonic crystals. The
intercluster distance is defined by the thickness of the
primary silica shell of the SNCs. The SNC5- and SNC20-
containing nanochains are formed with an intercluster
distance of 10 nm (Figure 3g) and 40 nm (Figure 3h),
respectively. If required, the synthesized nanochains can
be additionally coated with an even thicker secondary
silica shell (Supporting Information Figure S6).

Design of Nanobundles. The bundles of superparamag-
netic nanochains (nanobundles) were formedwhen the

Figure 3. (a and d) TEM images of the CHAINS 6 composed of approximately six clusters, (b and e) TEM images of the CHAINS
14 composed of approximately 14 clusters, and (c and f) TEM images of CHAINS L composed of up to 40 clusters per
nanochain. The insets in images (d), (e), and (f) show the length distributions of the nanochains determined by the manual
counting of the clusters assembled into individual nanochains (80 nanochains counted for each sample). TEM images of
typical nanochains composedof (g) SNC5 and (h) SNC20 showadefined spacing between the adjacent clusters in a nanochain
of 10 or 40 nm, respectively.
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TEOS was first completely hydrolyzed under slightly
acidic conditions, and then the silica was deposited at
an increased pH using a small amount of ammonia
(Figure 4). The reaction mixture containing SNC5 was
exposed to a relatively strong magnetic field of 8.8 �
104 A m�1 (λ ≈ 428) for 8 h after the addition of the
TEOS. The chosen conditions for both the hydrolysis of
the TEOS and the nucleation of silica were crucial for
the cluster fixation into nanobundles. The hydrolysis
of the TEOS was accelerated in an acidic medium at
pH 2.9, followed by the nucleation of silica after the
addition of a small amount of ammonia.

The formednanobundleswereapproximately 1�2μm
wide and approximately 5�10 μm long and were
composed of several primarily nanochains (Figure 4 a,b;
see also Supporting Information Figure S7). In our basic
experiment, TEOS, a silica precursor, was completely
hydrolyzed before the final pH of the reaction mixture
was set to 4.7 when the silica started to deposit. The
silica nucleation and deposition at pH 4.7 are very slow,
and it cannot be completely deposited even in a period
of days. As a consequence, only a very small amount of
added TEOS deposited as secondary silica connecting
the assembled clusters into nanochains, and an even
smaller amount of the secondary silica was deposited
for further interchain connections (Figure 4c). To de-
monstrate the rigidity of the structures, the formed
nanobundles were coated with an additional, third,
layer of silica. TEM images showed that the nano-
bundles were completely coated with a thick silica layer
(Supporting Information Figure S8). If the pH value of
the reaction mixture was further increased to pH∼8, a
large amount of silica was immediately deposited;
however, nonuniform structures were formed due to
uncontrolled agglomeration (Supporting Information
Figure S9). In a special case, when both the hydrolysis
of TEOS and the deposition of silica were performed at
pH 8.5 (the pH was not primarily set to 2.9), the silica
nucleation and deposition were significantly faster
compared to acidic reaction conditions. As a result,
the magnetically assembled structures were intensively

fixated by the deposition of the thicker layer of the
secondary silica. However, in this case the nanobundles
were narrower, typically composed of only a few nano-
chains, while the majority of the material remained in
the form of separate nanochains (Supporting Informa-
tion Figure S10c).

During the basic procedure of nanobundle synthesis
the suspensionwas stirred at 250 rpm,which is the same
stirring rate as applied for the preparation of all types of
nanochains. When the synthesis of the nanobundles
was carried out at the stirring rate of 750 rpm (all
other parameters remained unchanged), the stirring-
induced stresses intensively disintegrated themagnet-
ically assembled structures, and thus only nano-
bundles composed of a few nanochains were formed
(Supporting Information Figure S11).

Magnetic Properties. All the nanostructures show zero
coercivity, which is in agreement with them having
superparamagnetic properties at room temperature.43

The nanochains and nanobundles preserve their super-
paramagnetism during the processing from the super-
paramagnetic clusters, which is an important advantage
for their potential applications in biomedicine (Figure 5).
There are no spontaneous magnetic dipole�dipole
interactions between these nanostructures when the
magnetic field is removed, which makes the prepara-
tion of stable colloidal suspensions less demanding.
Suspensions containing nanobundles exhibit a good
colloidal stabilitywith aζ-potential ofmore than�30mV
at pH values higher than 4, and they do not sponta-
neously sediment in 2 days.

CONCLUSION

In summary, we have developed a relatively simple,
template-free, and low-cost fabrication approach for
the direct synthesis of complex, well-defined, magne-
tically responsive nanostructures. Our magnetically
responsive superparamagnetic nanostructures have a
controlled aspect ratio, a uniform size, and a well-
defined shape, and they express good colloidal stabi-
lity. Our future researchwill focus on providing a proof-
of-concept for a new cancer-treatment approach
where nanochains are accumulated in the cancerous

Figure 4. (a, c) TEM images and (b, d) SEM images of the
basic type of nanobundles.

Figure 5. Room-temperature measurements of the mass
magnetization as a function of magnetic field for the SNC5,
SNC20, CHAINS 6, CHAINS 14, CHAINS L, and a basic type of
nanobundles.
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tissue and used to mechanically damage cancerous
cells bymagnetically induced nanochain rotation. Such

suspensions of synthesized materials can also have
applications in magnetorheology.

METHODS
Preparation of SNCs. The SNC5 and SNC20 particles were

provided by Nanos SCI (Nanos Scientificae Ltd.), commercially
available under the “iNANOvative|silica cr” trademark. Their
syntheses were based on the assembly of maghemite (γ-Fe2O3)
nanoparticles with specially adjusted surface properties into the
clusters in an emulsion system. Subsequently, the assembled
nanoparticle clusters were coated with a silica shell.44 The
precise control of the clusters' size is obtained by size sorting
using a high-gradient magnetic separator. The procedure is
described in detail in Supporting Information S12.

Syntheses of Nanochains. First, the aqueous suspension of the
silica-coated clusters was transferred into the PVP solution at
pH 4.3. All the sol�gel mixtures were nonmagnetically stirred at
250 rpm during the syntheses.

Syntheses of CHAINS 6 and CHAINS 14. A typical synthesis for the
short (CHAINS 6) and medium (CHAINS 14) nanochains was
carried out at a PVP concentration of 1.25 � 10�4 M, with
exposure to a magnetic field of (5.2 ( 1.2) � 104 A m�1 for 85
or 120 min after the addition of TEOS, a SNC5 concentration of
1.6 � 10�8 M, and a TEOS concentration of 60 mM. The TEOS
was added 10 min after the transfer of the SNCs into the PVP
solution. The pH value was set to 8.5, using 0.5% ammonia, after
80 min of TEOS addition.

Synthesis of CHAINS L. CHAINS L were prepared under the
same conditions as CHAINS 6, but using the SNC20 instead of
the SNC5 nanoparticle clusters. All the nanochain syntheses
were completed in 3 h.

Synthesis of Nanobundles. The nanobundles were prepared
from SNC5 in the following primary reaction mixture: 1.6 �
10�8 M SNC5, 60 mM TEOS, and 1.25 � 10�4 M PVP solution,
adjusted to pH 2.9 using 0.1 M HBr. After the addition of the
TEOS, themixturewas exposed to amagnetic field of (8.8( 1.6)�
104 A m�1 for 8 h. The pH value was increased twice, first to 4.2
using 0.5% ammonia, 4 h after the TEOS addition, and further to
pH 4.7 using 0.1% ammonia, 6 h after TEOS addition. Finally, the
synthesized nanochains and nanobundles were magnetically
separated from the suspension and washed five times with
distilled water.
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