ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Journal of Solid State Chemistry 180 (2007) 3545-3550

JOURNAL oF
SOLID STATE
CHEMISTRY

www.elsevier.com/locate/jssc

Low coercive field and conducting nanocomposite formed by Fe;Oy
and poly(thiophene)

R.A. Silva®, M.J.L. Santos?, A.W. Rinaldi®, A.J.G. ZarbinY, M.M. Oliveira®, I.A. Santos®,
L.F. Cotica®, A.A. Coellho', A.F. Rubira®, E.M. Girotto®*

2Grupo de Materiais Poliméricos e Compdsitos, Departamento de Quimica, Universidade Estadual de Maringd, Avenida Colombo 5790,
87020-900 Maringd, PR, Brazil
®Faculdade de Ciéncias Exatas e Tecnologia, Universidade Federal da Grande Dourados, 79804-970 Dourados, MS, Brazil
°Grupo de Materiais Especiais, Departamento de Fisica, Universidade Estadual de Maringd, Avenida Colombo 5790, 87020-900 Maringd, PR, Brazil
dGrupo de Quimica de Materiais, Departamento de Quimica, Universidade Federal do Parand, CP 19081, 81531-990 Curitiba, PR, Brazil
®Departamento de Fisica, Universidade Estadual do Centro Oeste, CP 3010, 85040-080 Guarapuava, PR, Brazil
YGrupo de Preparagdo e Caracterizagdo de Materiais, Instituto de Fisica Gleb Wataghin, Universidade Estadual de Campinas, CP 6165,
13083-970 Campinas, SP, Brazil

Received 22 February 2007; received in revised form 6 September 2007; accepted 14 October 2007
Available online 24 October 2007

Abstract

Magnetite and poly(thiophene) composites have been produced by in situ monomer oxidation. Fourier transform infrared (FTIR) and
X-ray diffraction (XRD) confirmed the presence of Fe;O4 as particle agglomerates ranging from 15 to ca. 54 nm in size. Transmission
electron micrographs (TEMs) revealed a face-to-face structure in both the pure magnetite and the nanocomposite. Typical
superparamagnetic (ferrimagnetic) curves have been observed, whereas the relatively weak magnetic field employed in measurement,
200 Oe, was sufficient to split the curves completely. Zero field cooling (ZFC) and field cooling (FC) curves coincide only above room
temperature, indicating that the characteristic blocking temperature (7g) for superparamagnetic particles in this assembly is above room

temperature.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Conducting and magnetic compounds find a number of
applications in batteries, sensors, displays, and conversion
energy devices [1-6]. Recently, poly(thiophenes) have
attracted much attention due to their chemical stability in
air/humid environments. Inorganic inclusions in polymeric
materials provide mechanical robustness [7], thermal
stability [8], and enhanced optical [9], magnetic [10,11]
and electrical [12] properties. Experiments have shown that
nanoscale inclusions bring about phenomena that con-
tribute to new material properties. However, studies of
how the properties are altered are still ongoing and there is
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no definite conclusion on the effect of nanosized inclusions
on polymeric systems yet. Some experiments have shown
that interesting properties such as dimensional quantum
effect [13,14], transport [15], and magnetic properties [16]
may result from the inclusion of nanoparticles. In addition,
the preparation of nanocomposites in many cases allows
finding a better cost-benefit relation, which is generally
associated to the interactions between inclusions and
polymer (synergism phenomenon). These interactions
may affect the molecular dynamics of the polymer, which
results in altered physical properties. Among the inorganic
loads, carbonates, sulfates, and metallic oxides are the
most commonly used compounds [17,18]. Recently, we
demonstrated the electrodeposition of semiconducting
poly(o-anisidine)/y-Fe,O3 (maghemite) thin films using an
aqueous alkaline medium containing ferrous sulfate and
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o-anisidine [19]. Concerning the magnetite phase, Deng and
colleagues [20] reported on conducting and magnetic core-
shell nanoparticles (80 nm) formed by Fe;O4 and poly(ani-
line). In addition, Wang and colleagues [21] used an inverse
miniemulsion method to synthesize Fe;Oy4-poly(acryla-
mide) nanosize particles (ca. 100 nm) and pointed out their
superparamagnetic behavior. Zaitsev and colleagues [22]
reported on the properties of polymer-coated magnetite
nanoparticles synthesized by seed precipitation polymer-
ization of methacrylic acid and hydroxyethyl methacrylate
in the presence of magnetite nanoparticles. It has been
shown that the inclusion of magnetite particles into a
hydrophilic polymeric shell increases the stability of the
dispersion and decreases the influence of the stabilizing
agent on the magnetic and structural properties of the
magnetite particles.

In all the previous cases, differences between the various
materials were observed. These differences were substantial
in some cases and more subtle in others, presumably
deriving from the sensitivity of the systems to preparation
method details and the resulting structure in both cases.
This considered, it seemed worthwhile preparing and
investigating a series of nanocomposite systems as thor-
oughly as possible. The present contribution is one of a
series of such studies. Here, we present a simple chemical
route for preparing a nanocomposite formed by magnetite
(Fe304) and poly(thiophene). First, the magnetite nano-
particles were prepared through an oxidation—reduction
method as described earlier [20]. Afterwards, the nano-
composites were prepared via monomer polymerization in
an organic solution containing dispersed Fe;O4 and
anhydrous iron chloride. Particularly in this case, the
objective was to produce a material with electronic
conductivity and magnetic properties similar to those of
the parent oxide or polymer, but with a better cost—benefit
relation.

2. Experimental

Fe;04 particles were synthesized through an oxidation—
precipitation method [20]. A mixture of 35g of
poly(ethylene glycol) (10000 gmol~', Sigma) and 3.0g of
FeSO, - 6H,O (Synth) was dissolved in 140 mL of distilled
water. The mixture was kept under reflux and vigorous
stirring for 6 h. After dropping 20 mL of H,0, (Merck)
1%, the mixture had its pH adjusted to 13 with NaOH
3.0mol L™! and was stirred for 6h at 50 °C. The magnetic
fluid was then separated by centrifugation followed by
vigorous washing with distilled water. The final product
(a dark-brown powder) was dried at 70 °C for 48 h.

The nanocomposite was prepared by stirring 0.4 g of the
Fe;0,4 particles in 50 mL of dried acetonitrile (Acros) for
15min. Next, 10mL of distilled thiophene (Acros) was
added and the dispersion was stirred for 20 min. Excess
anhydrous FeCl; was then added and the recipient was
sealed. The mixture was vigorously stirred for 24 h. The
final product was filtered and washed with distilled water.

The brown powder was dried at 50 °C for 72h and stored
under N.

Fourier transform infrared (FTIR) spectra of the
samples prepared in KBr pellets were made in a Bomem
spectrophotometer, model MB-100. Quantitative analysis
of iron was made through atomic absorption spectrometry
(AAS) with a Varian Spectra A10Plus model flame
spectrometer equipped with deuterium lamp and air
acetylene burner. The instrumental parameters were as
follows: wavelength 372.0nm, slit width 0.2nm, lamp
current 282.0mA, fuel flow rate 0.015 L min~'. Transmis-
sion electron micrographs (TEMs) were made in a JEOL
120KV instrument. The samples were suspended in water
and allowed to settle for 15min for observation. Then, a
drop of the supernatant dispersion was placed onto a
carbon film supported by a copper grid. X-ray diffraction
(XRD) measurements were made in Shimadzu XD-3A,
model VG-108R with CuKa radiation. Magnetic charac-
terization was performed with a commercial superconduct-
ing quantum interference device (SQUID) magnetometer.
The curves of magnetization (M) vs. field (H) (—60kOe;
+60kOe) of the PT-Fe;O4 composite and the magnetite
compound at room temperature (300 K) were studied. The
curves of magnetization vs. temperature were measured
following the field cooling (FC) and zero field cooling
(ZFC) protocols.

3. Results and discussion

FTIR spectra of Fe;Oy4, pure poly(thiophene) (PT) and
the nanocomposite (PT-Fe;04) particles are shown in Fig.
1. The poly(thiophene) prepared in a different medium
(Fe304 powder was added to the solution for the synthesis
of PT-Fe;0,) is different from pure poly(thiophene); thus,
its FTIR spectrum should not be the same. The differences
rely mainly on band shifts and/or the appearance of bands
deriving from either chemical and/or physical interactions
According to the literature [23,24], the magnetite band at
ca. 573cm™ ! is due to iron oxide lattice deformations and
that at 895cm ™' is due to OH groups bound to the oxide
particle surface due to water adsorption. The latter does
not appear in the pure-Fe;O4 spectrum due to the drying
process used after synthesis, which must have reduced the
amount of adsorbed water. The PT band at 782cm™", the
main characteristic peak, was assigned to the out-of-plane
C-H angular deformation of thiophene [25]; the signal at
688 cm ™' was assigned to C-S stretching. These signals are
also observed in the nanocomposite spectrum. However,
they are shifted to higher wavenumbers (C—H shifted to
788 cm ™! and C-S signal shifted to 682cm™") as compared
to those of pure PT. Although it is difficult to assign some
bands and band shifts to specific interactions, these shifts
suggest that iron oxide might be interacting with the
conducting polymer chains strongly. This fact was also
observed for similar materials [19,20]. Regarding the
quantitative analysis, atomic absorption spectrometry
showed 9.63% (wt/wt) iron species (ca. 13.3% Fe30y).
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Fig. 1. KBr pellet FTIR spectra of poly(thiophene) (PT), Fe;O4, and PT-

Fe30,4 composite.
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Fig. 2 shows the TEM images of both magnetite and the
PT-Fe;O4 composite. According to Fig. 2a and b, the
magnetite sample is formed by faceted nanoparticle
agglomerates. In these images, the agglomerate sizes vary
from 15 to 54nm. The composite images (Fig. 2c and d)
show that the iron oxide nanoparticles are embedded in a
polymeric mass, which evidences the intimate contact
between the two phases. Apparently, the morphology and
shape of the composite agglomerates did not change, but
agglomerate size is large, as may be seen in Fig. 2(c) and
(d). Because the iron oxide particles are superimposed onto
the agglomerate core, i.e., the boundary limit of each
nanoparticle is diffuse, it is not possible to measure the size
of each individual iron oxide particle in magnetite and the
composite by TEM images accurately.

Fig. 3 shows the XRD pattern of the PT-Fe;04
composite, as well as those of the Fe;O4 compound and
pure PT. The main Fe;04 compound peak patterns are at
260 = 30.3°, 35.6°, 43.3°, 53.7°, and 57.3°, and they show a
spinel structure (space group Fd—3m) characteristic of
magnetite. The pure PT pattern presents a peak with a very
large linewidth broadening at ca. 20°. All the peaks found
in the Fe;04 compound pattern and in the pure PT pattern
are also observed in the PT-Fe;O4 composite pattern,
indicating that the composite contains Fe;O, and
polymer. However, in the PT-Fe;O4 composite pattern,

Fig. 2. TEM images of magnetite (a, b) and magnetite/poly(thiophene) nanocomposite (c, d).
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Fig. 3. X-ray diffraction pattern of poly(thiophene) (PT), Fe304, and PT-
Fe;04 samples.

the magnetite peaks present a linewidth broadening smaller
than that of the Fe;O4 compound. This decrease in
linewidth broadening is an indication of the iron oxide
particle crystallite size growth with the addition of the
conducting polymer. The mean crystallite sizes for the PT-
Fe;04 composite and the Fe;O4 compound, calculated
from linewidth broadening relative to a metallic silicon
standard by using Scherrer’s formula, were around d = 30
and 10 nm, respectively. A possible reason for the increase
in crystallite size (from Fe;O4 to PT-Fe;0,) is the addition
of FeCl; for polymerizing poly(thiophene). Fe®™ ions
attach to Fe;O4 particles, thus increasing grain and
crystallite sizes. The 10-30 nm crystallite size is a common
value for superparamagnetic iron oxide nanoparticle
monodomains [26].

It is worth noting that the experimental sample
preparation route provided a composite with character-
istics between those of poly(thiophene) and those of one of
the most important iron oxide family materials, magnetite,
Fe;O4 [27]. Magnetite has a cubic inverted spinel-like
(4,B0Oy) ferric oxide (Fd — 3m space group) with vacant B
sites and two distinct sub-lattices (4 and B in the spinel
structure), which gives origin to a ferrimagnetic ordering in
this compound at room temperature [28]. In this way, the
intimate contact between poly(thiophene) and magnetite
may produce some composites with interesting mismatched
functional properties and combined polymer electrical and
iron oxide magnetic properties.

To investigate the magnetic properties of the Fe;Oy4
compound and the PT-Fe;O4 composite, their magnetic
field dependence (M vs. H curves) was investigated by
using a SQUID magnetometer. A superparamagnetic-like
behavior may be observed for 300-K curves, Fig. 4(a) and
(b). Nevertheless, a close inspection of the M vs. H curves
indicates the hysteretic behavior of both samples. This
corroborates previous works that reported ferrimagnetic
ordering of Fe;O4 nanoparticles [29,30]. The magnetic
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Fig. 4. Magnetization curves of (a) PT-Fe;04 and (b) Fe;04 samples at
300 K. Inset: low field magnetization curves at 300 K.

saturation and coercive fields of 72emu g™' (at 50 kOe) and
70 Oe found for the Fe;O4 compound are in accordance
with the values reported in the literature [29,30]. The
coercive field of the PT-Fe;0,4 composite is about the same
as that of the Fe;04 compound, i.e., 70 Oe. At this point, it
is worth mentioning that the difference observed in
crystallite size seems not to be sufficient to change
coercivity [31,32]. A remarkable alteration of the satura-
tion magnetization (12emug™") of the PT-Fe;0, compo-
site was observed in comparison with that shown by the
Fe;O4 compound. This remarkable reduction in the
saturation magnetization was also observed in Fe;Oy4
encapsulated by polyacrylamide [21]. These characteristics,
i.e., low coercivity and saturation magnetization, which
could be exploited in electromagnetic interference (EMI)
shielding applications, may be explained considering the
polymer coating in these samples. It contributes to hinder
the exchange interaction between the magnetic sublattices
of the magnetic core (Fe;O4) in the oxide-polymer
composite. Taking into account this magnetic ordered
behavior, and to shed some light on the magnetic behavior
of the studied samples, FC and zero field cooling
(ZFC) measurements were employed in our analysis. The
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Fig. 5. The ZFC and FC curves for (a) PT-Fe;04 and (b) Fe;0,4 samples.

FC/ZFC magnetization measurements of the PT-Fe;Oy4
composite and the Fes04 compound FC/ZFC magnetiza-
tion measurements are shown in Fig. 5(a) and (b),
respectively. Diversely from the superparamagnetic-like
behavior reported in the literature for polymer-coated
magnetic nanoparticles, typical magnetic ordered curves
were observed for these samples, whereas the relatively
weak magnetic field employed in measurement, i.e., 200 Oe,
was sufficient to completely split the curves. ZFC and FC
curves coincided only above room temperature, which
indicates that the characteristic blocking temperature (7g)
of possible superparamagnetic particles in this assembly is
above room temperature. Furthermore, the behavior
shown by magnetization and FC/ZFC curves generally
implies a large particle size distribution and nanoparticle
anisotropy.

4. Conclusions

Due to a common ion effect, stable and dispersed Fe;Oy4
nanoparticles solvated by Fe*" were obtained. The Fe® ™"
present on the surface of Fe;O4 nanoparticles not only
prevented nanoparticle agglomeration but also polymer-
ized the thiophene monomer. The nanocomposite particles

thus formed do not have the core—shell structure shown by
other similar systems, but rather form faceted small
agglomerates. The present study has shown that composite
material polymerization techniques have potential in the
development of EMI shielding applications. Magnetic
studies have shown that the magnetically ordered states
of both magnetite and composite samples are highly
affected by a large particle size distribution. The composite
has low coercive field, which means that it may be made
into electric-magnetic shielding materials. With the proper
selection of the iron oxide and the conducting polymer, the
composite properties may be improved many-fold for its
application as electric—-magnetic shielding materials.
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