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T
he collective behavior of colloidal
particles in a liquid medium is one
of the major parameters that deter-

mine the structure and properties (rheology,
texture, and/or functionality) of nanoparticle-
based composites, multiphase systems, and
devices.1�4 To this end, the assembly of colloi-
dal nanoparticles into extended micrometer-
size chains through the utilization of chemical
reactions, interfacial interactions, and/or
electric/magnetic fields to overcome ther-
mal fluctuations has been extensively ex-
plored.2�12 In particular, there is a signifi-
cant interest in the magnetic assembly
of ferromagnetic particles, which provides
selective directionality via dipolar associa-
tions.13 Nanoparticles (Ni, Co) have been
intensively studied for their potential bio-
medical,14�19 electronic,20 sensoric,21�25 and
magneto-rheological/ferrofluidic26�28 appli-
cations. It is demonstrated, both theoretically
and experimentally, that magnetic fields gen-
erate strongdipole�dipole interactions, caus-
ing the particles to assemble in 2D and 3D
arrays/chains.3,4,7,26,29�33

Important characteristic of the chains
made of magnetic particles is their ability
to change conformation when an external
magnetic field is turned on/turned off or
changes direction. To this end, the flexibility
of the magnetic chains was studied both

theoretically and experimentally.34�44 For
instance, Cebers reviewed advancements
in the field of flexible magnetic filaments
and proposed that unifying approach for
the description of their behavior in various
static and dynamic conditions is possible on
the basis of an extended Kirchhoff model
of an elastic rod.35 Dreyfus et al.34,37 and
Gauger andStark36demonstrated that (when
a time-varying magnetic field is applied)
micrometer-sized paramagnetic particles
connected by polymer bridges are capable
of propelling themselves through a fluid via

bending motions. Goubault et al.45 reported
that long flexible filaments, made of super-
paramagnetic submicron particles linked by
polymer chains, can adopt under magnetic
field a hairpin configuration. The hairpins'
curvature can be reversibly controlled by
the intensity of magnetic field. Biswal and
Gast38�40 studied indetail actuationof chains
made of paramagnetic colloidal particles
connected with flexible polyethylene glycol
macromolecules. It was shown that the
chains can be magnetically actuated to ma-
nipulatemicroscopic fluid flow. The flexibility
of the chains can be adjusted by varying the
length of the linker molecule.
The key characteristics of the ferromag-

netic nanoparticle arrays, distinguishing them
from their paramagnetic counterparts, are the
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ABSTRACT We report the fabrication of flexible chains of

ferromagnetic Ni nanoparticles that possess the ability to adapt

other than the typically observed rigid (nearly) straight configura-

tions in the absence of an external magnetic field. The dynamic

mobility of the ferromagnetic chains originates from a layer of

densely grafted polyethylene glycol macromolecules enveloping

each nanoparticle in the chain. While ferromagnetic chains of

unmodified Ni nanoparticles behave as stiff nickel nanorods, the chains made of the grafted nanoparticles demonstrate extreme flexibility. Upon

changing the direction of the field, and inevitably going through a zero-field point, the shorter chains undergo chain�globule�chain transformation. The

longer chains can bend to a high degree, attaining “snake-like” configurations.
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quasi-irreversibility of the chain formation process and
their significant rigidity.13 The integrity of the chains
without chemical linkers and their rigidity is a direct
consequence of strong magnetic interaction between
the particles. There have been limited experimental
results reported in the scientific literature demonstrat-
ing any considerable dynamic changes of the chain con-
formation composed of ferromagnetic nanoparticles.
In this respect, Pyun et al. studied fabrication and be-
havior of ferromagnetic chains containing polystyrene-
coated Co nanoparticles (PS-CoNPs).41�44 It was de-
monstrated that the nanoparticles self-assemble into
chains at an oil/water interface under zero-field
conditions.42 The conformation of the chains strongly
resembled the self-avoiding random walk of organic
macromolecules. Whenplaced atop a permanentmag-
net, the PS-CoNPs form dense arrays of 1-D chains that
look like biological cilia.41,44 The arrays could be actu-
ated with an external magnetic field. The PS-CoNPs
chain can be also attached to a larger Fe3O4 nanopar-
ticle to form flagella-like nanoparticle assembly.43 The
cyclical bending of the PS-CoNPs chain, propelling the
assembly, was observed when a sinusoidal magnetic
field was applied.
Herein, we describe the fabrication of flexible chains

of ferromagnetic Ni nanoparticles that possess the
ability to adapt in different ways other than the typical
rigid (nearly) straight configurations in the absence of
an external magnetic field. The chains obtained orient
in a magnetic field, forming magnetic rods. However,
they collapse into globules upon removal of the mag-
netic field. The reapplication of the magnetic field
causes the collapsed chain to unfold, restoring rod
orientation along the field. To the best of our knowl-
edge, it is the first time that such extreme flexibility has
been demonstrated for chains of Ni ferromagnetic
particles.
In essence, the flexibility of the ferromagnetic parti-

cle chains in the system originates from a layer of
grafted polyethylene glycol (PEG) macromolecules
enveloping each nanoparticle in the chain. The densely
grafted macromolecules form a polymer brush on the
Ni particles, where the constrained geometrical envi-
ronment limits the available space the polymers can
occupy, forcing the chains to stretch normally to the
surface.46,47 The polymer brush provides a steric re-
pulsive barrier around the nanoparticles, preventing
their aggregation, regulating the distance between
nanoparticles in the ferromagnetic chains, and allow-
ing for the rotation of particles in the chains. Therefore,
the polymer layer enables the arrays and chains to be
flexible, creating magnetic morphologically varying
nanostructures.
We foresee that the flexible ferromagnetic chains

will allow creating responsive magnetic materials in
which the switching behavior and the permanent
magnetic moment coexist. The potential applications

for these particles can close the gap between ferro-
fluids, with small superparamagnetic nanoparticles,
and magneto-rheological fluids, with large ferromag-
netic particles. This allows for a much broader base of
application: nanovalves, microstirrers, hyperthermia treat-
ments, drug delivery, magnetic sensors, braking fluids,
energy storage, energy generation, and γ-radiation
protection. These applications will revolve around
flexible nanoparticle chains, with properties tailored
using the specific grafted polymer layers.

RESULTS AND DISCUSSION

Nickel Ferromagnetic Nanoparticles. The particles syn-
thesized were nearly spherical and 100( 10 nm in size
(Figure 1a,b). The surface of the particles was quite
rough, as typically found for Ni nanoparticles obtained
via the reduction procedures employed.48 The XRD
pattern (Figure 1c) clearly indicated the presence of a
single face-centered cubic crystal phase with only
three characteristic peaks (2θ = 44.6, 52.0, and 76.5�)
corresponding to pure metallic nickel.49 No nickel
oxide was detected within the XRD detection limit.
Considering that the detection limit for XRD is a few
percent for mixtures,50 ∼1�2 nm of oxide layer for
100 nmparticlesmight be present on the surface of the
nanoparticles. A film of such thickness can be attrib-
uted to a natural oxide layer that inevitably forms on
the surface of nanoparticles. The absence of the nickel
oxide line in the XRD pattern suggested that no addi-
tional nickel oxide (aside from that naturally formed on
the surface) was present in the synthesized particles.

Magnetic measurements (Figure 1d) confirmed the
ferromagnetic nature of the material, with saturation
magnetization of about 30 emu/g and remnant mag-
netization and coercivity of 7.1 emu/g and 90 Oe,
respectively. The values differ from those for bulk
Ni51 but are similar to the results reported for Ni nano-
particles in the scientific litearture.48,52

Grafted Layer. The design of the grafted layer to
generate flexible chains of ferromagnetic nanoparti-
cles requires an understanding of the chain formation
process and the particle�particle interaction within
the chain. The chain made of bare Ni nanoparticles can
be considered as a single dipole or magnetic nanorod,
where particles are in direct contact because of strong
magnetic forces (Figure 2a). The magnetic interaction
energy in the chain is much larger than the thermal
energy. Therefore, even after reduction/elimination of
the external magnetic field, the chain does not disin-
tegrate or changes its conformation. The introduction
of flexibility into the chain involves a significant de-
crease in the magnetic dipole�dipole interaction as
well as incorporation of components possessing an
intrinsic flexibility/lubricating ability on the surface of
the particles. Both these requirements can be satisfied
by surface modification of the particles with a polymer
brush.53�55 The surfaces/nanoparticles covered with

A
RTIC

LE



TOWNSEND ET AL. VOL. 8 ’ NO. 7 ’ 6970–6978 ’ 2014

www.acsnano.org

6972

the brushes are also known to sterically repel each
other in a good solvent for the macromolecules con-
stituting the grafted layers.46,56�59

Let us consider the influence of a polymer brush on
the forces involved in the interaction between the
ferromagnetic nanoparticles. First of all, the polymer-
grafted layer prevents direct physical contact between
the particles. Second, the attractive force that origi-
nated from the magnetic interaction is compensated
by the repulsive steric force between the brush layers
to a certain extent. In fact, the magnetic interaction
energy scales as d�3 (where d is the distance between
interacting dipoles). Therefore, a significant reduction
in the magnetic component of interaction energy
occurs upon an increase in distance between the

particles.60 When magnetic moments of individual
particles are aligned (in the presence of an external
magnetic field), the magnetic interactions are much
stronger than thermal energy and preserving straight-
chain configuration. However, in the absence of an
external magnetic field, the decrease in the particle�
particle attraction might allow particles to change
position/slide relative to each other under the influ-
ence of thermal energy/motion (Figure 2b).

In this work, we selected polyethylene glycol for the
grafting because the polymer is soluble in a significant
number of organic solvents and in water with different
pH values.47,61 Therefore, the flexible ferromagnetic
chains can function in different environments. In our
previous research, we studied in detail the grafting of
carboxy-terminated PEG macromolecules of different
molecular weights to silicon surfaces and silica parti-
cles using a poly(glycidyl methacrylate) [PGMA] an-
choring layer.47,62�65 It was determined that employ-
ment of PEG possessingmolecular weight of 5000 g/mol
allows dense and thick PEG brushes to be obtained by
the “grafting to” approach. Therefore, in this work, we
synthesized brushes on the Ni nanoparticles using PEG
chains with molecular weight of 5000 g/mol.

The conditions for the surfacemodification of theNi
nanoparticles with the PEG brushes were developed

Figure 2. Schematic representation of a predicted change
in the shape of chains formed by (a) unmodified and (b)
modified particles after removal of magnetic field. (c).
Schematic representation of 2D two-particle system used
for calculation of magnetic interaction by eq 1.

Figure 1. (a,b) SEM images of the synthesized Ni nanoparticles: scale bar = (a) 2 μm and (b) 1 μm. (c) XRD pattern of the
synthesized Ni nanoparticles. (d) Magnetization vs strength of magnetic field for the Ni nanoparticles.
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usingmodel experiments with a flat substrate, a silicon
wafer covered with Ni film. Every step of the modifica-
tion of the wafer was monitored by ellipsometric
measurements of the layer thickness and AFM imaging
(Figure 3) of the grafted film. The PGMA anchoring
layer on the surface of the Ni film was prepared by dip-
coating the substrate from the PGMA solution. Anneal-
ing of the dip-coated film led to the formation of a
6�7 nm PGMA film on the substrate. We suggest that
the PGMAmonomeric units are anchored to Ni film via

the coordination of the metal (from the nickel oxide
located on the film surface) and opening of epoxy ring
as described elsewhere.66 The AFM studies revealed a
smooth annealed PGMA layer that uniformly covered the
substrate (Figure 3b). In the next step, carboxy-terminated
PEGwas grafted frommelt to the substrate. Uponheating,
the esterification reaction between PEG carboxy and
PGMA epoxy groups resulted in the formation of the
grafted PEG layer with a thickness of 12�13 nm. The
AFM images demonstrated that the PEG layer was uni-
formly anchored to the surface (Figure 3c).

The grafting procedure developed for the flat Ni
substrate was effectively used for the surfacemodifica-
tion of the Ni nanoparticles. TEM images presented in
Figure 4 confirm the successful modification of the
particles. It is evident that, after modification with PEG,
the particles were enveloped with about a 10�12 nm

polymer shell (Figure 4c). The anchoring PGMA layer
was not clearly visible (Figure 4b). We suggest that the
smaller thickness of the layer aswell as rough surface of
the particles themselves obscured the visibility of the
anchoring layer. After the PEG brush deposition, it was
evident (from qualitative observation of coagulation
kinetics) that the dispersibility of Ni nanoparticles in
water was improved significantly. The particles were
also found to be easy dispersible in a polar organic
solvent (ethanol) and an aromatic organic solvent
(toluene), indicating the universal compatibility char-
acter of the Ni nanoparticles (and chains made of
them) modified with the grafted PEG layer.

We conducted theoretical estimations of the inter-
action energy between unmodified Ni particles and Ni
particles modified with a polymer-grafted layer for a
simplified 2D case. In ourmodel (Figure 2c), the particle
on the right rotates around the particle on the left.
The magnetic interaction energy dependence on an-
gle θ was calculated using eq 1, which is a form of the
equation for magnetic dipoles interaction60 simplified
for the situation presented in Figure 2c:

E ¼ � μ0
2πd3

μ2cosθ (1)

where μ0 and μ are the magnetic constant and a
particle's magnetic moment, respectively; d is the

Figure 3. AFM topographical 1 � 1 μm images: (a) Ni film, (b) PGMA anchoring layer deposited on the Ni film, and (c) PEG
brush grafted to the Ni film. Vertical scale 5 nm (a,b) and 20 nm (c).

Figure 4. TEM images of (a) as-synthesized, (b) PGMA-modified, and (c) PEG-modified Ni nanoparticles (scale bar, 50 nm).
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distance between centers of the particles, and θ is the
angle between particles' magnetic moments vectors.
For our system, the distance between the centers of
the unmodified Ni particles (d) was 100 nm for the
direct contact case.

In the case of the modified particles, the PEG layer
is swollen in water. Our previous investigations
showed that in aqueous environment the PEG brush
of 10�12 nm can extend up to ∼40 nm.63 Thus, the
upper bound distance between the centers of the
contacting Ni particles modified with the grafted layer
can be estimated to be about 180 nm in our case.
Therefore, the initial moment of interaction with max-
imum separation distance (180 nm) is provided to
elucidate the influence of the PEG layer on the particle
behavior in a ferromagnetic chain. In a real situation,
the PEG layer might be somewhat compressed by the
action of magnetic forces. Themagnetic moment of the
particles was set to be equal to remnant magnetization.
It is the largest moment in the absence of the field.
Therefore, our estimations represent the case of the
strongest interaction between particles in the absence
of the field. The starting point of the calculation is the
complete alignment of the particles' moments.

Based on the theoretical analysis (Figure 5), there
are several possible reasons for the different behavior
of the modified with the grafting and bare original
particles in the ferromagnetic chains. As-synthesized
particles are characterized by a strong magnetic inter-
action (�50 kT) with rather steep potential walls for
changing the relative position of magnetic moments.
On the contrary, their modified counterparts are lo-
cated initially in a shallow potential well on the order
of kinetic energy (�8 kT). The depth of the well is
significant in preventing a complete separation of the
particles, but its shallow nature allows for significant
changes in the relative position of the particles.

There are additional factors that contribute to the
different behaviors of modified and unmodified parti-
cles, including van der Waals attractive forces. The
forces add negative value to the already significant
energy, restricting the particle rotation in the case of
the bare particles coming in direct contact. At the same
time, the forces are not present for the larger separa-
tion distance between the surfaces of the modified
particles.53 The steric repulsion forces between the
particles covered with the grafted polymer chains
positioned in a thermodynamically good solvent pre-
vail over the attractive van der Waals forces between
the grafted polymer chains in contact.56

If the limited particle rotation is still permissible for
bare Ni particles from the energetic point of view, the
presence of friction between the particles' surfaces can
arrest otherwise energetically allowed movement.
In fact, the roughness of the bare Ni nanoparticles'
surface (Figure 4a) creates a potential barrier for move-
ment through interlocking and anchoring of the op-
posite surfaces' features. Yet again, the situation is
extremely favorable for the PEG-modified particles.
The grafted layer smoothes the particle surface
(Figure 2c). In addition, the friction forces between
the grafted PEG layers in a good solvent are known to
be very small67,68 and would not prevent the particles
from sliding/rolling.

The above discussion indicates the clear differences
(summarized in Table 1) between two types of particles
considered here and their behavior in a magnetic field.
Analysis of the significant factors influencing this be-
havior suggested that the chains formed by PEG-
modified Ni nanoparticles could possess flexibility.

Ferromagnetic Chains. The behavior of the chains
formed by the original, nonmodified Ni nanoparticles,
as well as by the particlesmodifiedwith PEG brush, was
followed in the presence and absence of a magnetic
field. It was found that all Ni nanoparticles studied in
this work start forming aggregates even in the absence
of an external magnetic field. This behavior was theo-
retically predicted by de Gennes and Pincus, who
demonstrated that, in the case of ferromagnetic parti-
cles having strong dipolar magnetic strength, the
particles have a tendency to form clusters/chains
depending on the density of the system.4 The forma-
tion of the chains was also experimentally ob-
served.12,69 In fact, the presence of the magnetic field
causes the ordering of the particle magnetic mo-
ments and the formation of the chains. As soon as a
particle is located in the vicinity of other particles and
theirs moments can interact, they engage in the chain
formation process. Therefore, in contrast to paramag-
netic particles, very small field strength is needed
to start the chain formation process. An increase in
the field strength (through the application of an
external magnetic field) facilitates the kinetics of
chain formation.

Figure 5. Dependence of magnetic component of interac-
tion energy on the relative position of particles' magnetic
dipoles.
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In this study, a relativelyweakmagnetic field of 10 G
was used to support the chain formation. An even
weaker (1�2 G) field was employed to manipulate the
preformed chains. Original, unmodified Ni nanoparti-
cles in the presence of an external magnetic field
readily form chains and less-structured aggregates.
Upon changing the direction of the field, such chains
rotate (aligning the magnetic moment along the field).
Themotion does not involve any significant changes in
geometrical dimensions or shape of the chains, reveal-
ing their rigidity (Figure 6a; see online Supporting
Information for the video recording of the process).
The particles constituting the chain are in direct con-
tact with each other and form strong “stiffening”
connections due to the powerful magnetic dipole�
dipole interactions and direct surface contacts. In
essence, the chain behaves as a single nickel nanorod.

On the contrary, a small chain composed of PEG-
modified nanoparticles demonstrates quite remark-
able behavior. Upon changing the direction of the field
and inevitably going through a zero-field point, such
chains undergo a chain�globule�chain transforma-
tion (Figure 6b; see online Supporting Information for

the video recording of the process). Initially aligned
along the field, the chain loses its rod-like structure and
collapses (via self-folding) in the absence of amagnetic
field. The “globular” structure is very dynamic, and
the particles constituting the globe move vigorously.
The transformation indicates the extreme flexibility of
the chains.

An even more visually striking example of this
unique chain flexibility was observed for multi-
layer larger chains formed of modified nanoparticles
(Figure 6c; see online Supporting Information for the
video recording of the process). The chains can bend to
a high degree, attaining “snake-like” conformations. It
is evident that the presence of a polymer layer on the
nanoparticles' surface is a primary reason for such
behavior.

CONCLUSIONS

We demonstrated that through synthesis of a spe-
cially designed grafted polymer layer on the surface of
ferromagnetic nanoparticles it is possible to change
fundamental behavior of the chains made of the
nanoparticles. Namely, the fabricated flexible chains

TABLE 1. Differencesbetween theUnmodifiedandPEG-Brush-Modified FerromagneticNi Particles InfluencingFlexibility

of the Chains Formed

factor unmodified particles PEG-modified particles

direct contact between the particle surfaces present replaced with contact between the swollen
PEG-grafted chains

van der Waals attractive forces between the particles in close
proximity

present not present for the larger separation distance
between the surfaces of the modified particles

friction force between the particles in the chains significant: owing to strong
attraction between the particles
and their rough surface

small: because of lower attraction between the
particles, smooth surface of and low friction
between the PEG brushes

compensation of magnetic particle�particle interaction absent partially compensated by the repulsive steric forces
between the PEG brushes

estimated distance between centers of the particles in the chains ∼100 nm ∼180 nm
estimated strength of magnetic interaction between the particles �50 kT �8 kT

Figure 6. Dark-fieldmicroscopy images of the smaller chains formed by (a) as-synthesized (scale bar, 5 μm), (b) PEG-modified
(scale bar, 5 μm) particles, and (c) larger multilayer chains formed bymodified nanoparticles (scale bar, 50 μm). The direction
of the magnetic field changes from left to right.
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possess the ability to adapt other than the typically
observed rigid (nearly) straight configurations in the
absence of an external magnetic field. The dynamic
mobility of the ferromagnetic chains originates from
the layer of the grafted PEG macromolecules envelop-
ing each nanoparticle in the chain. While ferromag-
netic chains of unmodified Ni nanoparticles behave as
stiff nickel nanorods, the chains made of the grafted

nanoparticles demonstrate extreme flexibility. Upon
changing the direction of the field and inevitably going
through a zero-field point, the shorter chains undergo
a chain�globule�chain transformation. The longer
chains can bend to a high degree, attaining “snake-
like” configurations. To the best of our knowledge, it is
the first time such extreme flexibility has been demon-
strated for chains of ferromagnetic particles.

METHODS

Nickel Nanoparticles and Film. Nickel nanoparticles were
synthesized via the reduction of nickel chloride with hydrazine
at room temperature in an absolute alcohol environment,
following the experimental procedure by Wu et al.48 Reagent
grade nickel chloride hexahydrate (Acros Organics), 80 wt %
hydrazine monohydrate solution (Sigma-Aldrich), potassium
hydroxide (Sigma-Aldrich), absolute ethanol (Acros Organics),
and acetone (Sigma-Aldrich) were used in the synthesis. Speci-
fically, 10 mL of 0.111 M solution of nickel chloride hexahydrate
was prepared by dissolving an appropriate amount of the
hexahydrate in absolute ethanol (mixture A). In a separate
glass vial, a mixture of potassium hydroxide and hydrazine
hydrate was prepared (mixture B). The amount of pure hydro-
xide (0.622 g) and pure hydrazine hydrate (0.278 g) was
calculated in order to achieve a 1:5:10 Ni2þ/N2H2/KOH molar
ratio. The actual amounts of the reagents added were adjusted
taking into consideration their purity stated by the suppliers.
Mixture A was added to mixture B under vigorous magnetic
stirring, and the vial was closed. The reagents were stirred
at room temperature for 5 h. Obtained black precipitate
(containing Ni nanoparticles) was cleaned of residues with DI
water by repetitive centrifugation�redispersion process (at
least four times). After the cleaning, the particles were trans-
ferred to acetone using the centrifugation�redispersion
process.

For the model studies, silicon wafers covered with Ni film
obtained by physical vapor deposition were employed. Prior to
grafting, the wafer with the Ni film was cleaned using plasma
cleaner (Harrick Scientific Corp.) and rinsed with DI water and
ethanol.

Grafting. The nanoparticles and wafers were modified utiliz-
ing a grafting to technique that was previously employed in
our laboratory for the surface modification of flat surfaces
and nanoparticles.64,70,71 PGMA (Mn = 176 kDa) and carboxyl-
terminated PEG (Mn = 5000 kDa), made from PEG monomethyl
ether (Sigma-Aldrich), were synthesized according to the pub-
lished procedure.64

A layer of PGMA was deposited on the surface of the wafer
by dip-coating from 1% acetone solution (dip coater, Mayer
Fientechnik D-3400). The samples were annealed for 30 min at
60 �C. Then, the wafer was rinsed in acetone four times to
remove unattached polymer. In the next step, the powder of the
carboxyl-terminated PEG was deposited on the surface of a
clean glass slide and covered with the wafer modified by the
PGMA anchoring layer. The sample was annealed at 110 �C
under vacuum for 2 h. Finally, the glass was removed (when PEG
was still in melted state), and the wafer was rinsed four times in
acetone to remove ungrafted polymer.

Tomodify Ni nanoparticles, the solution of PGMA in acetone
(1wt%, 10mL)was prepared in 50mLglass flask. The dispersion
of Ni nanoparticles in acetone (10 mL, 0.25 wt %) was added
dropwise to the PGMA solution under continuous sonication.
The resulting mixture was sonicated for an additional 30 min.
Then, the mixture was transferred to a 50 mL glass flask and
rotary evaporated in a stream of nitrogen at room temperature
until apparent removal of the solvent (about 1 h). The obtained
PGMA�Ni nanoparticle composite film was vacuumed for 1 h
in order to ensure complete removal of acetone. Next, the layer
was annealed at 60 �C under vacuum for 30 min. After the

annealing, the layer was subjected to acetone in order to
dissolve a residual PGMA. The unreacted PGMAwas additionally
removed by repetitive centrifugation�redispersion process (at
least four times) using acetone. After being cleaned, the mod-
ified particles were stored in acetone.

For the furthermodification of Ni nanoparticles, the solution
of carboxy-terminated PEG in acetone (1 wt %, 7 mL) was
prepared in a 20mLglass vial. The dispersion of Ni nanoparticles
in acetone (7 mL, 0.25 wt %) was added dropwise to the PEG
solution under continuous sonication. The resulting mixture
was sonicated for an additional 30 min. Then, it was transferred
to a 50 mL glass flask and rotary evaporated in a stream of
nitrogen at room temperature until apparent removal of the
solvent (about 1 h). The obtained PGMA�Ni nanoparticle�PEG
composite layer was vacuumed for 1 h in order to ensure
complete removal of acetone. The layer was annealed at
110 �C under vacuum for 2 h. After the annealing, the layer
was exposed to acetone in order to dissolve ungrafted PEG. The
unreacted PEG was additionally removed by repetitive centri-
fugation�redispersion process (at least four times) using ace-
tone. After being cleaned, the modified particles were stored in
acetone.

Characterization. Synthesized and modified Ni particles were
imaged using scanning electron microscopy (SEM S4800, Hita-
chi Inc.) and transmission electron microscopy (TEM H9500,
Hitachi Inc.). Their crystal structure and magnetic properties
were characterized by XRD (Ultima IV, Rigaku Corp.) and mag-
netometry (MicroMag, Cambridge Measurements Corp.). Ellip-
sometric measurements were conducted with a COMPEL
automatic ellipsometer (InOmTech, Inc.) at a 70� angle of
incidence. The refractive index used to calculate the thickness
of PGMAwas 1.525.62 The refractive index for PEGwas obtained
from the supplier (n = 1.465). AFM imaging was conducted
using a Dimension 3100 (Digital Instruments, Inc.) operated in
the tapping mode.

The chain formation was observed using a homemade
setup. Specifically, a 30 μm deep cell was made by etching a
25 � 25 mm microscope glass slide. A solution drop (∼10 μL)
was placed on a regular microscope glass slide and covered
with the cell. The samples were observed using an Olympus
BX51 microscope in a dark-field mode at 50� magnification. A
Diagnostic Instruments, Inc. SPOT CCD camera was used for
recording the images. The linear field of view was 150 μm. The
magnetic field was generated using two coils with metal inserts
spaced at about 2 cm and the sample holder in between.
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