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ABSTRACT: We demonstrate the fabrication of free-standing
polymeric nanocomposite films, which present magnetic and \ ‘
electrically conductive anisotropic properties. Magnetically function- Magnetic An,so,mpy Amsompkcondumvm | e
alized carbon nanofibers are dispersed in a polymeric solution and,
upon casting under a weak external magnetic field, are easily oriented
and permanently assembled in a head-to-tail orientation in the
polymer film during solvent evaporation. Magnetic and conductive
property studies reveal that the resulting films have a high degree of v' o
anisotropy in both cases, thus allowing their use in functional ! \
complex devices. As a proof of concept, we demonstrate the potential
application of these films as flexible THz polarizers. The detailed
study shows that very high attenuation values per unit film thickness
and fiber mass concentration are achieved, paving thus the way for
cost-effective fabrication of substrate-free systems that have advantage over conventional devices realized so far.
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B INTRODUCTION sample but also high-strength fields, which limit broad

Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) can a}}l)plical;lilityhduz to the h%ghe;ir ll;iISk foﬁr sa?p le dam;, %e OI}
be used as building blocks in nanocomposite materials with ;s ) Ot_ er E_m ’ n?agfjlletlc_ € ls 0 eralt € dp.osm ity o
engineered physicochemical properties targeting mechanical abricating anisotropic films in a large scale and in a contact

reinforcement,”” thermal conductivity modification,® super- free mziilr:.rfer. I—ro(\:v;\;er, clilue dt.o ;he extremelY ZOW (rinela)gneﬁc
hydrophobicity,4 or even shielding against electromagnetic susceptibility o S, the dipole moments induced by the

interference,*> among many possible applications. The high m.agnetic field are ir.lsuﬂ?cient to cause magnetoplhoretic
aspect ratio of CNTs and CNFs allows the realization of allg.nment along the direction of tl}e applied field durmg the
anisotropic polymeric nanocomposites with enhanced perform- curing of the ho§t polymer. Such alignment has been achleveg
ance in a preferred direction, by controlling and manipulating to qate o.nly with ex?remely‘ high magnetic ﬁel.ds (ZST)’
their orientation. Although CNFs have received less attention making thls'approach 1mpra'ct1cal. Magnetophoretlc‘ahgnmer.]t
as nanofillers compared to CNTs, due to the superior can _be ach_leved only part%ally .Wlth lower fields in organic
mechanical properties, smaller diameter, and lower density of matrices with very l.ow viscosity. Sush type of assembl?',
the latter, CNFs can be an excellent alternative due to their however, cannot modify the macroscopic electric or magnetic
wide availability and lower cost.® properties of the hybrid system. > Therefore, various research
The works published on randomly oriented CNFs in groups have tried to ‘funcﬂcil}sliz.e the CNFs f"’ith magnetic
polymer matrices’ ® are more numerous than the respective coatings or nanoparticles in order to increase their
ones with aligned CNFs. Indeed, CNF alignment in a magnetic susceptibility and facilitate their alignment into
: . . cps 14
polymeric matrix is a complicated process and can be partially polymer matrices under lower field intensities.” Such

obtained by methods like mechanical stretching,'® flow

alignment,” and compression moldmg or by application of Received: January 16, 2014
external electric'' or magnetic fields,'” to name a few. Electric Accepted: February 27, 2014
fields not only require direct contact of electrodes with the Published: March 13, 2014
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Figure 1. Optical microscope (a) and SEM (b) images of a MCNF/PMMA film formed under a magnetic field of 150 mT. The bright areas in (b)
represent the nanoparticle filled MCNFs. The inset in (b) depicts TEM image detail taken from a thin cross sectional slice of the same film. The
nanoparticles shown outside of the fiber were drawn out by the mechanical shear stresses during the sample microtoming process. (c) Optical
microscope image of a MCNF/PMMA film formed without a magnetic field.
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Figure 2. ZFC/FC magnetization curves for (a) MCNFs in powder form and a film consisting of 2.7 wt.% MCNFs randomly oriented in PMMA;
(b) 2.7 wt.% MCNFs/PMMA film containing aligned MCNF wires. The direction of the external magnetic field applied during the measurement is
parallel or perpendicular to the wires, as indicated in the schematic. (c) Low temperature (2.5 K) hysteresis loops of the same film, at the two
orientations. Magnetization values were normalized to the saturation magnetization (M) in each case. (d) Reduced remanent magnetization (M,/
M) for the two orientations at various concentrations of the aligned MCNFs in PMMA films.

approaches simplify the fabrication process of anisotropic
nanocomposites, but the magnetic fields used so far have still
been very high, limiting the broad application of such systems.

Herein, we report the use of low magnetic field to fabricate
free-standing thin films of magnetic nanocomposites with
anisotropic electromagnetic properties. Magnetic CNFs
(MCNFs) fabricated with a simple nonchemical technique'®
have been introduced as fillers in the polymer matrix. In
particular, we show that it is possible to form plastic films that
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are a few tens of micrometers thick, with highly anisotropic
magnetic and conductive properties, by applying just ~150 mT
magnetic field, to efficiently align the MCNFs into the drying
polymer matrix. The advanced properties of such polymeric
films allow their use as fundamental components in diverse
devices, and as a proof of concept we explore their functionality
in electromagnetic wave systems. Indeed we demonstrate that
the developed films exhibit THz polarizer characteristics. This
is an innovative aspect for a cost-effective, environmentally
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Figure 3. (a-e) I-V curves of MCNF/PMMA films with MCNFs aligned parallel and perpendicular to the applied DC voltage, as indicated in the
inset schematic, for different MCNF concentrations. (f) Current recorded after application of 1 V in parallel and perpendicular direction with respect
to the MCNF wires in nanocomposite films with different MCNF concentrations. (g) Anisotropy degree of the film electroconductive properties for

each concentration.

friendly, scalable fabrication of substrate-free THz polarizers
when compared to conventional devices realized so far'®™*?
with expensive, heavy, fragile, or bulky components, complex
and time consuming fabrication techniques, or aggressive
chemicals, all of which are important limiting factors.
Furthermore, as previously demonstrated,** starting from a
monomer-MCNF solution and thermally or photopolymerizing
during the magnetic alignment of the MCNFs offers the
possibility to easily incorporate such type of systems in
integrated devices as partial components, by their in situ
formation in specific areas.

B RESULTS AND DISCUSSION

As previous studies have shown, magnetic wires of controlled
shape and spatial distribution can be formed into polymer
matrices by the magnetophoretic transport and assembly of
colloidal magnetic nanoparticles induced by external magnetic
fields during the polymer curing/drying step.”>>® The efficiency
of these films as magnetic detectors* or in radiofrequency
applications”” has been successfully demonstrated. Using the
same approach, small amounts (<3.5 wt.%) of MCNFs are
mixed with poly(methyl methacrylate) (PMMA) in a common
solvent, and after drop casting and solvent evaporation under
an external magnetic field of ca. 150 mT, nanocomposite films
with morphology similar to that shown in Figure la are formed.
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The formation of such structures is attributed to the magnetic
properties of the MCNFs (Supporting Information Figure S1)
provided by the presence of iron oxide nanoparticles
intercalated in the open ended CNFs (Supporting Information
Figure S2). This is accomplished following a nonchemical
technique that involves ultrasonication of CNFs and nano-
particles in suspension and subsequent self-sustained concen-
tration gradient driven filling.'"® The magnetic moment of the
nanoparticles filling the MCNFs, as induced by the external
magnetic field, causes the magnetophoretic transport and
assembly of the MCNFs parallel to the field’s direction in a
head-to-tail orientation, resulting in elongated wirelike
structures immobilized and distributed throughout the film.
This is further supported by SEM analysis (Figure 1b) where it
is clearly demonstrated that the magnetic nanoparticles
embedded in the MCNFs are assembled parallel to the external
field direction. When films are dried in the absence of the field,
the MCNF arrangement is completely different, as shown
shown in Figure 1lc, where aggregated structures of nondefined
shape and size are distributed randomly in the polymer.

A magnetic study of the MCNF/PMMA films reveals that
the nanocomposites maintain the magnetic behavior of the
pristine MCNF powder, as shown by the Zero-Field-Cooled/
Field-Cooled (ZFC/FC) magnetization curves reported in
Figure 2a. Indeed, the value of the mean blocking temperature
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Figure 4. THz transmittance measurements for (a) pure PMMA and unaligned (isotropic) 2.2 wt.% MCNF-PMMA composite films, and (b) for
anisotropic MCNF/PMMA films (2.2 wt.%, average thickness ~44 + 2.2 ym) placed at different orientations with respect to the waveform direction.

(Tg) estimated by the maximum of the ZFC curve is ca. T =
90 K for both MCNF powder and MCNF/PMMA film,
indicating that the polymeric system is superparamagnetic at
room temperature. As already discussed, when an external
magnetic field is applied during the film formation, the MCNFs
assemble and preferentially orient parallel to the field, forming
long wirelike structures. The resulting MCNF/PMMA films
present anisotropic magnetic properties for all concentrations
studied, as shown in Figure 2b,c,d (see also Figures S3, S4 of
the Supporting Information). In particular, the temperature
dependent magnetizations of the structured films show a strong
directional dependence on the orientation of the applied field
with respect to the MCNF alignment, with maximum difference
between parallel and perpendicular directions located around
Tp. The higher magnetization observed for the parallel
orientation is consistent with previous studies’* and with the
different roles of internal fields expected for the two
orientations.”® Moreover, the hysteresis loops measured in
the blocked state (2.5 K <« Ty) show a clear directional
dependence, as seen in Figure 2c (see also Supporting
Information Figure S4). In particular, while the coercive field
is not much affected by the applied field orientation, the
remanent magnetization (M,) measured in the parallel direction
is higher than in the perpendicular direction, with the relative
difference between the two varying from 15% to 19% in the
range of the MCNF concentration studied (1.3 wt.% to 2.94 wt.
%) (Figure 2d). The performance of the system could be
further improved by enhancing the magnetic character of the
CNFs, for example by functionalizing the nanofibers with
ferromagnetic nanoparticles®® or by increasing the concen-
tration of the nanoparticles in the MCNFs.

Additionally to the magnetic properties, the MCNFs are also
electroconductive and thus are expected to modify the electrical
properties of the insulating PMMA matrix. In fact, as the
MCNF loading in PMMA increases, the DC current recorded
at a fixed applied voltage becomes higher due to the formation
of new conductive paths into the polymer matrix (Supporting
Information, Figure SS). Most importantly, the change of the
spatial distribution of the MCNFs by applying the external
magnetic field during film formation, results in highly
anisotropic conductive films, in agreement with other studies
on aligned CNFs or CNTs in polymer films.** > Indeed, as
DC current—voltage (I-V) curves demonstrate, all films exhibit
a stable linear Ohmic I-V behavior, becoming conductive from
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very low MCNF concentrations when the DC voltage is applied
in a parallel direction to the MCNF orientation (Figure 3a-e).
On the other hand, when voltage is applied in the perpendicular
direction, the current recorded is very low proving that the
spatial arrangement of the MCNFs facilitates percolation only
in a specific direction into the matrix. However, as the overall
MCNF concentration increases, this directional dependence
becomes less evident,*” since conductive paths are now formed
also laterally between the assembled wires that are distributed
much closer to one another as compared to films with lower
concentrations (Figure 3f). Indeed, for concentrations lower
than 2.94 wt.%, the anisotropy degree, defined in the
experimental part, is higher than 95%, while at higher
concentrations the anisotropic property disappears (Figure 3g).

The anisotropic MCNF/PMMA films can be used not only
as detectors and sensors in various fields like biology (e.g.
molecular separation or detection, localized and directional
growth), and environmental science, but also as magnetic
devices, in data storage, in electromagnetic wave absorption,
etc. In particular, in the latter case, various recent studies™*
have focused on the fabrication of polymer-based THz
polarizers in order to avoid the various limitations of the
metal wire or microstrip grids used elsewhere. As demonstrated
above, the fabricated polymer composite films show a confined
motion of carriers in 1D, a fundamental functionality of THz
polarizers, and consequently it is natural to explore their ability
to act as such.

Since the film fabrication process involves the mixing of
MCNFs into the PMMA matrix, we first characterized the THz
transmission property of pure PMMA films in the frequency
range of 0.57—0.63 THz using the frequency-domain
spectrometer system described elsewhere.”** As shown in
Figure 4a, a thin PMMA film is quite transparent to THz
signals with a measured shielding effectiveness (SE) less than
0.2 dB over the entire frequency range. When the thickness of
the PMMA film increased, the SE increased due to higher
losses, arriving to an average value of ~1.8 dB. In the same
figure is shown the THz transmittance of three different
nanocomposite samples of randomly distributed MCNFs (2.2
wt.%) in the PMMA matrix. The three independent measure-
ments show reasonable agreement with each other, with an SE
value roughly between 4—6 dB. At higher frequencies the SE is
slightly larger, demonstrating that the THz transmission
properties of these films follow the well-known Druid
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model.*® During the above experiment, the orientation of
samples was randomly chosen. Therefore, the similar results
obtained from the three independent measurements clearly
show that the THz transmittance of unaligned MCNF/PMMA
films is independent of sample orientation, or, in other words,
these films do not show polarization properties in the examined
frequency range.

In contrast, when the MCNFs are aligned, the nano-
composite films show unique THz properties. In fact, PMMA
samples with 2.2 wt.% aligned MCNFs show anisotropic
transmission, as shown in Figure 4b. When the sample was
placed at close-to-perpendicular orientation (i.e., 90° between
the electrical field of the THz incident wave and the MCNF
alignment direction), a maximum transmission (T,) was
measured, while the lowest transmission was measured at the
close-to-parallel orientation (T,,). Theoretically, 90° and 0°
orientation (or perpendicular and parallel) should give the
highest and the lowest transmission, respectively. However,
since it is difficult to define such orientations accurately during
these measurements, we took the lowest measured transmission
as T,, and the highest one as T,. A 45° degree orientation
recorded a transmission level between T and T, as expected,
designating clearly that these films behave as THz wave
polarizers. The extinction ratio (T,/T,/) corresponds to
roughly 4—5 dB, and the degree of polarization (P)** was
calculated to be nearly 0.5 over the measured frequency range.
The polarization performance of the films could be potentially
improved by using thicker films, optimized MCNF concen-
trations into the polymer, or by increasing the magnetic
properties of MCNFs by loading them with a higher amount of
nanoparticles or with nanoparticles with stronger magnetic
properties. Furthermore, the utilization of different magnetic
fields during the fabrication of the films can offer the
opportunity to tune the dimensions and the periodicity of the
wires in the polymer matrix,”® thus producing optimal
conditions for increased polarization performance. Nonetheless,
it should be mentioned that the attenuations recorded in the
parallel orientation (T),) are far superior when normalized with
respect to the film thickness and the MCNF filler content of
the film. Specifically, this quantity is about 10 dB/um for the
present MCNF/PMMA films (2.2 wt.% MCNF content),
compared to 1 dB/um for the carbon nanowhisker/
fluoropolymer coatings (S0 wt.% CNW content) analyzed in
ref 34.

Bl CONCLUSIONS

We presented the formation of free-standing polymeric
nanocomposite films with anisotropic electrical conductivity
and magnetic properties. Well-oriented wirelike structures are
formed by the magnetophoretic transport and assembly of
MCNFs into a PMMA matrix during solvent evaporation of a
drop-casted solution under a relatively weak external magnetic
field. The resulting films present significantly high anisotropic
magnetic and DC conductivity properties and act as wave
polarizers in the 0.57—0.63 THz frequency range. Although the
degree of polarization (0.5) is relatively small compared to the
performance of an ideal polarizer (P = 1) and to other
studies,”®”* the present films present very high attenuation
values per unit film thickness and MCNF mass concentration
and have multiple anisotropies. Furthermore, the composite
films are prepared with a nonchemical room-temperature
process using low magnetic fields and are flexible and free-
standing. This procedure can be followed for various polymer
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matrices that can be specifically selected according to the
desired application, e.g. resistance to humid environments or to
organic solvents for chemical analysis or biological sensing, high
elasticity for flexible electronic devices etc., while their multiple
anisotropic properties make them attractive for complex devices
where more than one functionality is demanded.

B EXPERIMENTAL METHODS

Materials. MCNFs are fabricated with the method reported
elsewhere.'® In brief, commercially available hollow-core, open end
CNFs (PR24-XT-LHT, Pyrograf 111, Pyrograf Products Inc., USA) of
10—-30 pm length, and outer/inner diameter of 100 nm/25—90 nm
respectively, were mixed with single-crystal superparamagnetic
magnetite (Fe;0,) nanoparticles (diameter ~10 nm) (Ferrotec Inc.
USA) in toluene (99.9% ACS Grade, Fisher Scientific), and probe
sonicated for several hours in order to imbibe the nanoparticles into
the CNF cavities while drying the solvent. The dry MCNFs were
washed to rid their outer walls from magnetite particle deposits and
then redispersed in toluene for further wet processing.

Poly(methylmethacrylate) (PMMA) (MW 120,000, Sigma Aldrich,
USA) in toluene solution (concentration 100 mg/mL) was mixed with
different quantities of MCNF/toluene dispersions to attain a desired
concentration in PMMA (0.3 wt.%—7 wt.%). The final solutions were
drop casted on glass slides and left to dry under ambient conditions
forming a solid film. In order to impose the magnetophoretic assembly
of the MCNFs, the deposition and evaporation process was done
under a homogeneous external magnetic field (~150 mT), produced
by two permanent magnets applied parallel to the substrate. Higher
(>400 mT) or lower (<80 mT) magnetic fields led to inhomogeneous
distribution or to nonefficient alignment of the MCNFs in the PMMA
matrix.

Characterization. Optical microscopy imaging of the nano-
composite films was conducted with a Nikon Eclipse 80i Digital
Microscope. Higher magnification imaging on thin film slices, cut with
a Leica EM UC6 Ultramicrotome, was performed with scanning
electron microscopy (SEM) (JEOL JSM-6490LA) and transmission
electron microscopy (TEM) (JEOL JEM-1011).

For the magnetic characterization of the MCNF/PMMA films, a
Quantum Design Ltd. SQUID magnetometer was used. The Zero-
Field-Cooled (ZFC)/Field-Cooled (FC) magnetization was collected
increasing the cryostat temperature from 5 K to 300 K under a static
field of 5 mT, after having cooled the samples down to 5 K in a zero
magnetic field (ZFC) or in the same probe field of S mT (FC). The
field dependence was carried out by aligning the magnetometer field in
the plane of the polymeric film, first parallel and then perpendicular to
the direction of the wires. The magnetization of saturation, M, was
taken as the magnetization value recorded at 2 Tesla, where the
magnetization curves for all measured concentrations had clearly
reached saturation.

The film thickness measurements were made on typical films
(PMMA-only, nonaligned MCNFs/PMMA, aligned MCNFs/ PMMA)
that were sliced along two orthogonal directions centered around the
point where the THz attenuation measurements were performed. The
sliced film sections were separated and viewed by an optical
microscope very close to the point where the two cuts intersected.
Each section provided three thickness measurements for the
corresponding sample. The average thickness of all films measured
was between 11 and $S pum.

For electrical conductivity measurements, a Keithley 2612A
sourcemeter and a DL Instruments 1211 current preamplifier were
used, both mounted on an ambient probe station from Siiss Microtech
(Germany). Samples were biased from 0 to —1 V and from 0 to 1 V.
Conductive silver paste electrodes were painted on the sample surfaces
in order to minimize the contact resistance. The anisotropic degree of
the electroconductive properties of the films was calculated by
measuring the slopes of the recorded I-V curves in a direction of
applied voltage parallel and perpendicular to the alignment of the
wires. The anisotropy degree was determined as the ratio (slope;, —
slope, )/slope,,.

dx.doi.org/10.1021/am500335u | ACS Appl. Mater. Interfaces 2014, 6, 4535—4541
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The shielding effectiveness (SE) or transmittance (T) of the
coatings in the 570—630 GHz frequency range was measured by a
frequency domain THz spectroscopy instrument.*** The THz
radiation was provided by a VDI (Virginia Diodes, Inc.) frequency
extension module (FEM, or multiplier chain), which converted a
microwave (10—20 GHz) signal from a synthesizer to THz radiation,
in the 0.57 to 0.63 THz range. The average output power in this range
was approximately 1 mW. The THz energy was coupled to a zero-bias
Schottky diode broadband detector through four off-axis parabolic
mirrors. The THz T or SE (in dB) is defined by SE = —10 log(Py.n
/Pinc), where Py, and P, are transmitted and incident THz powers.
The degree of polarization (P) was calculated using P = (A;—A,)/
(A, +A;) with A;, and A the absorbance at parallel and perpendicular
directions, respectively, defined as A = —log;,T for each case.
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