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norganic nanoparticles (NPs) are excel-

lent candidates for building blocks in

nanocomposite materials with engi-
neered physicochemical properties. In par-
ticular, nanocomposites of polymers and
magnetic NPs can pave the way to novel
plastic devices for data storage,’ sensing,?
actuation,® molecular separation,* and elec-
tromagnetic wave absorption.” For en-
hanced performances such systems require
a high density of oriented anisotropic mag-
netic nanostructures, like nanowires (NWs),
in polymer films. One-dimensional (1D)
magnetic NWs can be produced by the as-
sembly of isotropic magnetic NPs.® This as-
sembly for NPs dispersed in solution can be
done under external magnetic field (MF)
during solvent evaporation.””"" This is an at-
tractive technique for the fabrication of
NWs, due to its simplicity and effective-
ness, compared to other methods such as
molecular linker induced assembly'>'3 or
templating techniques.'*'> The application
of an external magnetic field was formerly
used for the orientation of micrometer-
sized particles in polymer matrices for the
creation and alignment of wires.'® Never-
theless, the use of smaller particles in the
nanoscale resulted so far in oriented
supra-aggregates.>'” Here we demonstrate
by using this method how the NP assembly
into magnetic NWs can be controlled in a
polymer matrix to achieve reproducible ar-
rays of NWs specifically positioned through-
out the volume of polymer films. The struc-
tural evolution, ordering, and positioning of
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ABSTRACT We present a simple technique for magnetic-field-induced formation, assembling, and positioning

of magnetic nanowires in a polymer film. Starting from a polymer/iron oxide nanoparticle casted solution that is

allowed to dry along with the application of a weak magnetic field, nanocomposite films incorporating aligned

nanocrystal-built nanowire arrays are obtained. The control of the dimensions of the nanowires and of their

localization across the polymer matrix is achieved by varying the duration of the applied magnetic field, in

combination with the evaporation dynamics. These multifunctional anisotropic free-standing nanocomposite

films, which demonstrate high magnetic anisotropy, can be used in a wide field of technological applications,

ranging from sensors to microfluidics and magnetic devices.

KEYWORDS: colloidal nanoparticles - polymers - magnetic field - directed

assembly - nanowires - magnetic nanocomposites

the NWs within the films are controlled by
the application time of an external MF dur-
ing solvent evaporation from a polymer/
magnetic NP solution and by the viscosity
gradient across the formed film.

In particular, we present the MF-driven
fabrication of plastic films, thick enough to
be free-standing, that contain 1D arrays of
aligned magnetic NP-built NWs with mag-
netically anisotropic behavior. We have ex-
ploited the magnetically induced assembly
of monodisperse hydrophophic-capped
spherical NPs of iron oxide in the spinel-
type cubic structure (henceforth named as
v-Fe,0;) with a mean diameter of 10 nm
(see Supporting Information Figure S1), in
a polymer matrix, which under suitable ex-
perimental conditions results in the con-
trolled formation of aligned NWs selectively
distributed across the polymer film thick-
ness. Specifically, the presented procedure
offers the possibility to create, align, and
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Figure 1. (a) Sketch of the fabrication method; (b) photo-
graph of a freestanding nanocomposite film with an aver-
age thickness of 100 pm.

locate NWs in plastic matrices. This is a promising route
toward the realization of magnetically anisotropic free-
standing functional films, which can directly be peeled
from their substrate without altering the aligned NP
structures therein.

RESULTS AND DISCUSSION

The nanocomposite films are formed during sol-
vent drying from casted solutions of different NP/poly-
mer combinations in chloroform, under a weak MF (160
mT) as presented in the Supporting Information (see
Figure S2). Herein we present analytically the forma-
tion of NWs in nanocomposite films composed by
v-Fe,0s/poly(ethylmethacrylate-co-methylacrylate)
(PEMMA) (Figure 1). The morphology of the films is
highly reproducible and depends mainly on the NP con-
centration and on the time of exposure the MF. In gen-
eral NP concentration lower than 0.7% in weight re-
sults in short elongated structures with random
alignment, whereas concentrations between 2% and
5% normally permit the formation of ordered arrays of
1D NWs (see Supporting Information Figure S3).

As aforementioned, the duration of the MF applica-
tion time during the solvent evaporation from the

(b) W ¥

casted film also plays a crucial role in the size and volu-
metric distribution of the wires in the matrix. The 1 wt
% y-Fe,03/PEMMA nanocomposite films formed upon
evaporation without MF application contain inhomoge-
neous islandlike structures of NPs without a defined
shape as shown at the optical microscopy and BF-TEM
images in Figure 2a,b. By applying a MF throughout the
deposition and solvent evaporation stages, the film
morphology changes markedly. The magnetic force
modifies the structural shape and causes the forma-
tion of aligned NWs with a mean diameter of ca. 80 nm
and length of 15 wm, uniformly dispersed in the whole
polymer matrix (Figure 2e,f) with a density of 1.2% in
the film volume. In any case, in the absence of the poly-
mer the formed NWs look shorter and very sparse dem-
onstrating the crucial role of the matrix in the pre-
sented procedure (see Supporting Information Figure
S4).

To facilitate the NW formation in the polymer ma-
trix it is important that the process starts with the orga-
nization of the NPs into bigger clusters. The latter ex-
hibit higher magnetic moments than the single NPs,
resulting in an increased response to the MF that leads
eventually to chain formation.'® In the present case the
long alkyl-chain capping molecules (namely oleic acid,
oleylamine, and hexadecane-1,2-diol) that surround the
NPs make the contact distance between them larger
than what is mentioned in the literature as the distance
needed for the clusters to be formed (<1.4 nm) due to
van der Waals (VdWs) interactions among them.'® How-
ever, since we use an acrylic polymer whose methyl car-
boxylate groups do not interact with the capping mol-
ecules, mutual hydrophobic interactions among the
alkyl chains are expected to prevail, inducing local NP

Figure 2. (a, b) Optical microscopy and BF-TEM images, respectively, of a film formed without MF application. The two in-
sets of panel b correspond to higher magnification TEM images: (c) image taken parallel to the film plane; (d) image from a
100 nm thick cross section, showing the aggregates on a perpendicular plane. (e, f) Optical and BF-TEM images of the film
formed upon overnight evaporation under a weak MF; (g) image taken parallel to the NWs plane; (h) image from a 100 nm
thick cross section, showing the NWs perpendicular to their axis.
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Figure 3. (a) Change of the mean NW volume, as a function of the MF
application time; (inset) BF-TEM images of the NWs formed after 30 s of
MF time application (bottom), and after 15 min (top). (b) Evolution of
the thickness of film layer containing aligned NWs (measured from the
top surface using an optical microscope) as a function of MF applica-
tion time; (inset) scheme of the change in viscosity and of the formed
chain structures throughout the various layers.
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aggregation' as required in the initial stage
of NW formation. (Figure 2a,b)

To follow the evolution of the formation
of NW arrays at different depths in the poly-
mer film, increasing time intervals of MF appli-
cation (from 30 s to 15 min) after the deposi-
tion of the solutions onto the glass substrate
have been considered. For short times (<60 s),
the NPs form elongated structures (up to 700
nm) aligned parallel to the magnetic field
lines. Prolongation of the MF application time
results in NWs with increasing length (from
~700 nm to ~15 pum), while their diameter re-
mains constantly around 80 nm since the be-
ginning of the process (Figure 3a). Thus, it is
clear that under MF application any tendency
of the initially formed NP-clusters to aggregate
in a random way due to complicated angular
dependence of dipolar forces is prevented,
whereas head-to-tail chain formation along
the magnetic field lines prevails.?® As graphi-
cally shown in Figure 3b, the NWs initially are
formed at the air—liquid interface, and succes-
sively deeper in the film, progressively order-
ing the aggregated structures across the poly-
mer thickness. Eventually, after ~13 min, all
the film volume homogeneously consists of
long, well ordered NWs. According to the lit-
erature after a polymer solution is casted on a
substrate, the polymer concentration is higher
close to the liquid —air interface than in the in-
ner layers, due to the faster solvent
evaporation.2?2 In a simplified model, it can
be assumed that mass transfer due to evapo-
ration is responsible for such concentration
gradients and consequently viscosity gradi-
ents.?? Accordingly, the viscosity varies
throughout the casted solution during evapo-

Figure 4. (Left) Scheme and BSE-SEM cross sectional image of the film. The bright lines represent the NWs and the NPs while
the dark area is the polymer matrix. (Center) Optical microscope images at various film depths (scale bar = 20 m). (Right)
BF-TEM cross sectional images, demonstrating the NWs at the corresponding depths. (TEM images are rotated about 45°

clockwise with respect to the SEM image).
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Figure 5. (a) ZFC and FC magnetization curves measured with the direc-

value just above the substrate. We assume a viscosity
value (max), above which NW formation becomes irre-
versible due to reduced mobility. An increase in the
evaporation time causes the increase of the thickness
of the layer with viscosity pmax. Figure 3b illustrates that
the layer thickness of the dry film (where viscosity has
reached the pyay) Where the NWs are observed in-
creases linearly with the MF application time in the
first minutes.

More specifically as shown in Figure 3, after 30 s
in the casted solution elongated clusters ~700 nm
long are formed, partially aligned along the field di-
rection. During these first seconds only a thin layer
close to the surface has reached the viscosity wmax
forcing the elongated structures to remain aligned
even after the removal of the field. In the rest of the
casted solution, where the viscosity is lower, after
the MF removal the enhanced Brownian motion
causes the elongated NP-chain to break into the con-
stituent parts.2> As the MF application time in-
creases, NWs are formed that remain aligned after
the MF removal throughout the film volume where
B = wmax (@fter T min the NW average length is ~4
pm, and above 5 min it is ~15 wm). In the remain-
der of the casted solution as the gradient of the vis-
cosity decreases, reaching the minimum value pmin
just above the substrate, the NWs break into elon-
gated chains with reduced length and degree of ori-
entation as they approach the substrate after the
MF removal (Figure 4). The thickness of the layer
with @ = pmay increases with MF application time
up to ~13 min where all the film consists of long
well-aligned NWs. In this case, after the removal of
the field, the viscosity is high enough everywhere
and the Brownian motions are too weak to cause any
deformation.

A magnetic study of the films demonstrates that
the NWs embedded in the polymer are magneti-
cally anisotropic, while maintaining room tempera-
ture superparamagnetic behavior, like that of the
pristine y-Fe,O3 nanocrystals (see Supporting Infor-
mation Figures S5, S6). This is well demonstrated by
the thermal reversibility observed above ca. 140 K in
the magnetization recorded as a function of temper-
ature after zero-field-cooled (ZFC) and field-cooled
(FC) procedures (Figure 5a). Moreover the magneti-
zations of the structured films after application of a
static MF parallel and perpendicular to the NW align-
ment direction shows a strong directional depen-

tion of the external MF parallel and perpendicular to the aligned NWs as in-
dicated in the inset. (b) Angular dependence of the magnetic moment mea-
sured at 5 mT and 300 K. The solid line represents a fit to the law y = a sin?(x
+ &) + b cos?(x + ) with a = 3.99, b = 7.67, &b = —42.1. (c) Low temper-
ature (2.5 K) hysteresis loops at both orientations. Magnetization values
were normalized to the corresponding saturation values.

dence with the temperature. The magnetization is
clearly higher in the parallel orientation, which is
consistent with the different roles of internal fields
expected for the two orientations'® (Figure 5a). The
anisotropy is better evidenced by measuring the an-
gular dependence of the magnetic moment, which
shows an increase of ca. 90% upon rotating the film

ration, being higher close to the surface and decreas-
ing in the inner layers of the film, reaching a minimum
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from the perpendicular to the parallel orientation
(Figure 5b). Additionally, the hysteresis loops mea-
sured in the blocked state (2.5 K) show that the co-
ercive field and the normalized remanence are
higher in the parallel than in the perpendicular di-
rection (Figure 5¢), which can be due to both dipo-
lar interactions and to a partial alignment of the
magnetic NP easy axis along this direction.”1%24
Moreover the hysteresis loop recorded with the MF
perpendicular to the NWs both in the plane and out
of the plane of the film are identical (see Support-
ing Information Figure S7), indicating that magnetic
interactions among NWs are negligible. The com-
parison with magnetization studies from other
groups on NWs made by magnetic assembly of
maghemite NPs not embedded in a polymer ma-
trix” showed that the magnetization properties in
both directions are similar to the ones reported here,
indicating that the magnetic properties of the de-
rived nanocomposite films are weakly affected by
the polymer matrix.

METHODS

NPs Synthesis. Nearly spherical mixed-phase y-Fe,0;/Fe;0,4
NPs of 10 nm diameter (see Figure S1 in Supporting Informa-
tion) were synthesized by modifying a wet-chemical synthetic
approach to shape-controlled spinel-cubic iron oxide NPs re-
ported in the literature.? Briefly, iron pentacarbonyl (Fe(CO)s, Al-
drich 97%) was used as the precursor and decomposed in
1-octadecene (ODE, Aldrich 90%) at 280 °C under inert atmo-
sphere in the presence of oleic acid (OLAC, Aldrich 90%), oleyl
amine (OLAM, Aldrich 97%) and hexadecane 1,2-diol (HDIOL, Al-
drich 98%) as both capping molecules and reactivity modera-
tors.?® In a typical preparation of 7-nm NPs, 30 g of ODE, 3 mmol
of HDIOL, 1.8 mmol of OLAM, 1.8 mmol of OLAC, and 4 mmol
of Fe(CO)s were comixed and heated up at 280 °C for 2 h under
N,.26 To grow larger NPs with a diameter of 10 nm, a seeding ap-
proach was used.?” The crude reaction mixture containing 7-nm
NPs was cooled to 120 °C and an extra 4 mmol of Fe(CO)s was
added to it, followed by further heating at 280 °C for 1 h under
N, and at 80 °C for 1 h under air. After extraction/purification pro-
cedures, the hydrophobic NPs resulted in being soluble in non-
polar media, such as chloroform, toluene, and hexane. According
to Fourier transform infrared spectroscopy (FTIR) measurements,
the NPs mainly retain an oleate ligand capping bound to their
surface, although the presence of OLAM and HDIOL cannot be
excluded (Figure S8 in Supporting Information). This is in agree-
ment with previous FTIR studies on iron oxide NPs synthesized
by similar high-temperature surfactant-assisted nonhydrolytic
routes.’%

Films Preparation. 1 mM solution of an acrylate copolymer
(poly(ethylmethacrylate-co-methylacrylate), PEMMA) in chloro-
form was prepared by dissolving PEMMA at a concentration of
100 mg/mL. For the results presented in the manuscript, mix-
tures containing 1 wt % of presynthesized NPs and 99 wt % of
PEMMA were used. After being sonicated for 10 min to avoid the
formation of aggregates, the resulting solution was drop casted
on a glass substrate. As needed, the system was subjected to a
homogeneous MF (~160 mT), produced by two permanent
magnets, applied parallel to the substrate during the deposi-
tion and evaporation process. For the kinetic study the films
were exposed to the MF for different time intervals upon depo-
sition of the solution on the substrates. After the removal of the
MF all films were allowed to dry overnight. The magnetic mea-

www.acsnano.org

In conclusion, we have presented the formation of
magnetic NWs in polymer matrices, with controlled di-
mensions, localized at specific layers in the polymer
matrix, by varying the MF application time. The poly-
mer matrix plays an important role since it induces the
aggregation process in the initial stage of formation
and defines a viscosity gradient in the film volume, con-
tributing to the irreversible formation of well-
determined NWs at specific depths in the film. The ob-
tained films can be freestanding, and show magnetic
anisotropy, with higher magnetization in the direction
of the NWs growth. The method may be expanded to
other polymer—NPs systems, depending on the desired
application, and the resulting films may be used as
models for the theoretical exploration of the forces
and interactions taking place in the formation proce-
dure. Moreover, the possibility of having NWs of differ-
ent lengths aligned in various layers implies different
magnetic behavior in the same film opening the way
for the application of this advanced multilayer structure
in magnetic devices.”®

surements were performed on films in which NWs were present
in the whole volume.

Samples Characterization. The films were studied at low magnifi-
cation with an optical microscope (Olympus BX41). Higher mag-
nification investigations were performed via scanning electron
microscopy (SEM) with a JEOL JSM-6490LA microscope detect-
ing the backscattered electrons (BSE) and via transmission elec-
tron microscopy (TEM) with JEOL JEM-1011 microscope operat-
ing at 100 kV in bright-field (BF) mode. The investigated samples
were thin film sections with thicknesses about 500 and 120 nm,
respectively, which were cut with a Leica EM UC6 Ultramicro-
tome. The NWs average length and diameter were measured
from SEM and TEM images, averaging manually at least 30 wires.
Automated analysis with image processing software (ImageJ)®
gave slightly higher values for the diameters, probably system-
atically affected by residual particles from the cutting procedure
surrounding the NWs. The percentage of the NWs into the vol-
ume of the film was considered by using the TEM and SEM im-
ages of thin film slices (500 nm) and calculating the ratio of the
volume of NWs to the volume of the slice. The magnetic proper-
ties were studied with a Quantum Design Ltd. SQUID magne-
tometer. The temperature dependence of ZFC-FC magnetiza-
tion was collected in a static field of 10 mT after cooling the
samples down to 2 K in a zero magnetic field (ZFC curve) or in
the same probe field of 10mT (FC curve). The angular depen-
dence of the magnetization was measured at 300 K by rotating
the sample by 20° steps, while keeping the 5 mT applied field in
the plane of the film. The hysteresis curves were measured at
2.5 K with applied fields in between =5 T. All the measurements
were performed applying the field in the plane of the slab, first
parallel and then perpendicular to the direction of the aligned
NWs in the polymer matrix. All data were corrected for the dia-
magnetic contributions of the polymer and of the substrate,
which were separately measured and which were found
negligible.

Supporting Information Available: Figure S1: Low-resolution
TEM image of the as-synthesized y-Fe,O; magnetic NPs. Figure
S2: Optical microscope images of various colloidal NPs/polymer
assemblies. Figure S3: Optical microscope images of y-Fe,O3; NP/
PEMMA assembilies with different NP concentrations. Figure S4:
Optical image of y-Fe,03 NP assembly on glass substrate in the
absence of polymer. Figure S5: Hysteresis loops at 2.5 K of a
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v-Fe,03 NP solution in chloroform. Figure S6: ZFC-FC magnetiza-
tions of the y-Fe,0s frozen solution. Figure S7: Hysteresis loops
for 1 wt %. y-Fe,0;/PEMMA film. Figure S8: FTIR spectra of
v-Fe,03 NPs. This material is available free of charge via the Inter-
net at http://pubs.acs.org.
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