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Abstract We report the preparation of a processible
magnetite/polyaniline (Fe;O4/PANI) nanocomposite, con-
taining dodecylbencensulfonic acid (DBSA) as a surfactant
and dopant, with both magnetic and conducting properties.
Different amounts of Fe;O4 nanoparticles were success-
fully disposed with FeCl; solution to prevent their aggre-
gation in the solution by the application of common ion
effect. The magnetic properties of the resulting composites
were investigated by a quantum design magnetometer
(PMPS). The (Fe;04/PANI) nanocomposite showed at
300 K no loop of hysteresis indicating the superparamag-
netic nature. The saturation magnetization varies from
0.167 to 28.45 emu/g with increasing Fe;O,4 content. Zero
field cooling (ZFC) and Field cooling (FC) profiles showed
that the polyaniline matrix allows each ferrite nanoparticles
to behave independently and interparticle interactions are
not important for iron oxide content lower than 36 wt.%.
The electrical conductivity of composites was found to be
higher than that of the pure PANI in spite of the insertion of
the insulating material Fe;O, particles. It is noticeable that
conductivity increases with low Fe;O, particles content
and then decreases. Structural characterization by X-ray
diffraction (XRD), UV spectroscopy and thermogravimet-
ric analysis (TGA) have been performed.
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Introduction

The integration of superparamagnetic materials and func-
tional organic materials has attracted an increase interest.
Materials having both electrical and magnetic properties
are required for the application of electrical and magnetic
shielding, molecular electronics, nonlinear optics, sensor
and microwave absorbent [1-3].

Earlier studies have also been carried out to make
conducting polymer incorporated with ferrite particles [4,
5]. The resulting composites have low room temperature
conductivity (10°-107 S/cm) and low coercive force
(H. = 0), and their structures and properties are related to
the synthetic method. Nanostructures of polyaniline-mag-
netite nanoparticles composites were also prepared in the
presence of f-naphthalene sulfonic acid (NSA) as a dopant
that shows a magnetization value of 6 emu/g [6]. Structural
characterization of the PANI composites indicates that the
doping of PANI with mineral acids leads to electrical
conducting properties of composites, whereas the nano-
crystalline magnetic particles are responsible for the
observed ferromagnetic properties of composites [7]. We
have reported the synthesis of polyaniline with high fer-
romagnetic properties and moderate conductivity (M =
72 emu/g, ¢ ~107* S/cm) [8]. Long et al. [9] reported the
preparation of Fe;0,/PANI nanorods doped with NSA with
different iron content. Although the coercive force of these
samples is small (H. = 55-60 Qe), it does not decrease to
zero. The reason could be attributed to clustered particles.
Chen et al. [10] reported the preparation of polypirrole—
Fe;04 nanocomposites by the use of common ion effect
with low coercive force and low magnetization. A large
amount of Fe’* was absorbed onto the surface of the
magnetite nanoparticles and formed positive charged
(Fe’*) shell. Consequently, the surface of the magnetite
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became the active surface to polymerize aniline monomers.
The result composite is not soluble in organic solvents.
Recently, several methods have been developed to improve
the processibility of PANI by increasing its solubility in
various solvents. Cao et al. [11, 12] reported that PANI
doped with DBSA or camphor sulfonic acid became sol-
uble in various organic solvents such as chloroform and
xylene. This procedure could be used to fabricate a flexible
light emitting diode (LED) [13]. A PANI with improved
processibility was synthesized via the chemical polymeri-
zation in an aqueous solution of DBSA aniline salt (A-
NIDBSA) and aniline hydrochloric acid (ANIHCI) by Yein
and Ruckenstein [14].

In the present paper, the chemical oxidative polymeri-
zation of (ANIDBSA) and (ANIHCI1) with FeCl; solution
in the presence of Fe;O, nanoparticles was investigated.
This pathway was selected, because one expects the A-
NIDBSA salts moieties the polymer to enhance its solu-
bility, hence the processibility.

Experimental section
Synthesis of magnetite nanoparticles

The magnetic nanoparticles were synthesized by mixing a
water solution of FeCl,-4H,O (1.0 M) and FeCls-6H,O
(1.5 M). The above mixture was poured in aqueous
ammonium solution (50 vol%) and the resulting solution
was stirred for 2 h. Ferrite particles are precipitated out,
filtered and thoroughly washed with distilled water. Each
wash step was carried out until the filtrate became clear and
colorless. Finally, the resulting magnetic nanoparticles
were disposed by FeCl; solution by ultrasonic stirring.

Synthesis of magnetite/polyaniline (Fe;04/PANI)
nanocomposite

Polyaniline composites were synthesized by using the
emulsion method using DBSA in aqueous solution. Fixed
concentrations of the Fe;0, nanoparticles prepared by the
previous step were added into a 200 ml round-bottom flask
equipped with a mechanical stirrer. Aniline monomer was
added to the flask containing distilled water, DBSA and
HCI in a selected molar ratio (7:3) with a molar ratio of
aniline/(DBSA + HCl1) =1 [14]. In order to obtain a com-
posite with a higher content of the conductor polymer, an
acidic aqueous FeCl; solution was added, under supersonic
stirring, to the reacting solution to polymerize the remained
aniline monomer. Then the polymerization was allowed to
proceed for 12 h at room temperature under stirring. The
products were washed with deionizer water and methanol
several times and dried in vacuum at 60 °C for 24 h.

Powders were carefully grounded, pressed in pellets of
8 mm diameter and 1-2 mm thick under 20 MPa. Samples
were conserved in a vacuum oven for electrical and mag-
netic measurements.

Characterization

Wide-angle X-ray scattering of polyaniline composites films
were collected on a Rigaku model diffractometer equipped
with a copper X-ray tube wavelength (=0.154 nm). Dif-
fracted intensity was collected for 20 angle from 5 to 60° with
a step 0.05°. Relative crystalline size was estimated for the
integral intensity of the X-ray diffraction peak (311) by using
Scherer equation:

D = kAjocos O (1)

where k is the shape factor, 4 is the X-ray wavelength
(1.5406 10\), o is the full width at half-maximum expressed
in unit of 26, and is the Bragg angle (°).

UV-visible spectra was performed in a spectrometer
Shimadzu UV-2401 PC working in the spectral range 200—
900 nm, on chloroform solutions of the powders finely
grounded, For spectroscopic analysis, each solution was
conveniently diluted.

Thermogravimetric analysis (TG) of the composites was
carried on a thermalgravimetric analyzer (Shimadzu, DTG-
50) under a linear heating of 10 K min~!, in air atmo-
sphere.

Transport properties in the range 10-300 K were per-
formed using a physical property measurement system
(PPMS) from Quantum Design.

The electrical conductivity of pellets was measured
using a standard two-point method. The current was
applied by a Keithley Model 220 current source, and the
voltage was measured independently by a Hewlett Packard
Model 34401 A multimeter. Since PANI is hygroscopic, all
samples were stored under vacuum until the time of mea-
surement.

Magnetization measurements of composite powders
were performed using a superconducting quantum inter-
ference device (SQUID) magnetometer (Quantum Design
MPMS) at fields ranging from 0 to 1.5 T (15,000 Oe)
at temperatures ranging from 5 K to 300 K. For Zero
Field Cooled (ZFC) magnetization the sample was cooled
to 10 K with the magnetic field set to zero. After stabil-
ization at the low temperature, a weak magnetic field at
50 Oe was applied and the magnetization was measured
while the temperature was increased. In the Field cooled
(FC) experiments, the sample was cooled at 10 K with
the weak magnetic field of 50 Oe applied. The magneti-
zation was measured while stepping the temperature up to
300 K.
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Results and discussion

Figure 1 shows the wide-angle X-ray scattering patterns of
powders of PANI-DBSA (a) and of samples of Fe;O4/
PANI-DBSA composite with different Fe;O, content (b—
d). The characteristic Fe;O, spectrum obtained from a
dried sample (Sect. ‘‘Synthesis of magnetite nanoparti-
cles’’) is presented (e). As both, magnetite and maghemite
have similar XRD patterns, Mdssbauer spectra were per-
formed on samples (not shawn in this work). They show
two different magnetic sites with different IS for iron, so
we can assume that magnetite is present.

Diffraction patterns of polyaniline with a large molecular
weight tend to display a broad amorphous halo over the
range 20: 10-25° and three distinct peaks at the angles 26:
12, 20, 25° [15]. The relative intensity of these peaks might
differ, depending on the conditions of the polymerization
process. In Fig. 1 these reflections are observed in (a) and in
the composites with magnetite content up to 16 wt.% (b, c)
with higher intensity, especially the reflection at 20°. The
diffraction profile of the spinel structure (magnetite) shows
characteristic Bragg’s reflections near 260: 30.10 (d =
0.297 nm), 35.42 (d = 0.253 nm), 43.20 (d = 0.209 nm),
5348 (d =0.171 nm) and 57.94° (d = 0.162 nm). These
data are in good agreement with that of Fe;O4 [16]. Crys-
talline size for the as prepared magnetite (Fig. le) was
estimated in ~11 nm. Obviously, the sharps peaks and their
relative intensities observed for Fe;04/PANI-DBSA
nanostructures (b—d) are nearly corresponding to those of
Fe;0,. This indicates that the crystalline structure of Fe;O4
is preserved in the composites.

Figure 2 shows the typical transmission electron
microscopic (TEM) images of Fe;O4/PANI-DBSA nano-
particles for a sample with 2.6 wt.% of Fe;O4. An amor-
phous matrix (PANI-DBSA) is observed where some black
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Fig. 1 X-ray scattering patterns of Fe;O,/PANI-DBSA powders
with different Fe;O,4 content: (a) 0 wt.%, (b) 2.6 wt.%, (c¢) 8 wt.%,
(d) 42 wt.%, and (e) Fe;O, nanoparticles as prepared (Sect.
‘‘Synthesis of magnetite nanoparticles’”)
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Fig. 2 Transmission electron microscopic images of Fe;O,/PANI-
DBSA nanoparticles (2.6 wt.% of Fe;0,)

dots (Fe304 particles) in diameter of 10—15 nm (in coin-
cidence with DRX analysis) embedded are observed.

Figure 2 also indicates that most of the Fe;O, particles
are finely dispersed in the PANI matrix. In fact, it is the
polymer matrix that plays the role of minimizing the
aggregation of nanoparticles (aggregation is difficult to
avoid completely). As mentioned in the experimental sec-
tion, Fe;0, particles were dispersed in FeCl; solution so
Fe>* was absorbed onto the surface of the Fe;O,4 particles
to form surrounding positively charged (Fe**) shells. A thin
layer of PANI appears on the surface [10]. In order to
polymerize the remained aniline monomer, a fixed amount
of FeCl; solution was added, under supersonic stirring, to
the reacting solution. As a result, it is possible to form a
“‘core-shell”” structural mixture, in which Fe;O, nanopar-
ticles are as a “‘core’” and the polyaniline as a ‘‘shell’’. The
resulting composite could dissolve in chloroform.

Figure 3 shows the TGA curves of various Fe;O,/
PANI-DBSA composite samples. All of them have good
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Fig. 3 TGA traces at a heating rate at 10 °C/min in air for various
Fe;0,/PANI-DBSA composite samples with different Fe;0,4 content:
(a) 16.0 wt.%, (b) 8.0 wt.%, and (c) 2.6 wt.%
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thermal stability; the apparent weight loss can be observed
only when temperature is over 285 °C. It can be seen that
all the samples demonstrate three-stage weight loss, a
steady weight loss over the temperature range from room
temperature to ~ 120 °C, a sharp falls in specimen weight
over the temperature ranges from ~ 285 to 350 °C and from
~ 360 to 520 °C, respectively. The first step (50-120°C)
indicates the loss of water in the polymer matrix; the sec-
ond weight loss may be attributed to loss of acid dopand or
volatile elements bound to the polyaniline chain [17]. The
third decomposition step occurs between 360 and 520 °C
where the mass loss may be due to oxidative degradation of
polymer in air. From TGA determination, Fe;0, weight
percentage in all samples, was estimated.
UV-spectrometer was used to verify the behavior of
PANI/doped/solvent complexes. Figure 4 shows UV-—visi-
ble spectra of Fe;O,/PANI-DBSA composites solutions
with different Fe;O,4 content. The spectrum in chloroform
shows the characteristic peak of PANI-DBSA (a) at
360 nm due to mw — w* transition of benzenoid amine
structure of PANI and at 860 nm as a result of the exci-
tation of the quinoid imines structure. The solvent pro-
tonation is manifested by the presence of a new peak at
440 nm. This transition is usually attributed to the molec-
ular exciton. It corresponds mainly to transition involving
the delocalized highest occupied molecular orbital
(HOMO) to a virtual orbital which is localized in the
quinone-diimine portion of the oligomer, as has been re-
ported by other authors [18]. Characteristic peaks in
composite samples are observed at 353-440 and 766, 780
and 807 nm in Fig. 4b—d, respectively. The ~400 nm peak
is a result of doped benzenoid amine excitation while the
~800 nm peak is due to the change from polaron to the
bipolaron state. In Fig. 4b—d the characteristic peaks are
hypsochromically shifted specially the polaron band. This
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Fig. 4 UV-visible spectra of Fe3;0,/PANI-DBSA composites solu-
tions with different Fe;O,4 content: (a) 0 wt.%, (b) 2.6 wt.%, (c¢)
8.0 wt.%, and (d) 16.0 wt.%

happens because for increasing amount of magnetite, the
polymer becomes less compatible with the solvent (Chlo-
roform) and the molecules become increasingly coiled to
decrease their contact with the solvent [19]. These results
probably indicate that there is some interaction between
Fe;0, particles and PANI backbone as was earlier reported
by us from infrared measures [8]. Interaction between
magnetic nanoparticles and polymer bone is supported by
IR analysis (not shown in the manuscript)

A commonly used technique for the investigation of
superparamagnetic relaxation is the FC-ZFC magnetiza-
tion in a weak applied field as a function of increasing
temperature. The ZFC-FC curves for pure Fe;0, nano-
particles (a) and for Fe;O4/PANI composite samples (b and
¢) measured in a field of 50 Oe, are shown in Fig. 5. As a
general observation we note that the magnetic behavior
displayed is typical for fine particles system where the
relaxation of the magnetic moment of the particles is
present. In the ZFC process, at the lowest temperatures, the
total magnetic moment is nearly zero due to freezing of the
moments in random directions. As the temperature is
raised, the total magnetic moment increases due to the
gradual alignment of moments in the field direction until it
reaches the maximum value (7). We note that for our
samples we could not observe a very well defined maxi-
mum of the ZFC curves in pure Fe;O, nanoparticles
(Fig. 5a) and for composite samples containing over
36 wt.% Fe;04 (Fig. 5c) where magnetic dipolar interac-
tions are present. In Fig. 5b (16 wt.% Fe;0O,) the magne-
tization increases monotonically with decreasing
temperature in the FC case indicative of the presence of
ultrafine superparamagnetic particles in the sample. This
effect is not observed in Fig. 5a and c. The ZFC magne-
tization curve, however, separates from the FC curve and
passes through a maximum at 195 K (7},). The broadness of
the peak maximum of the ZFC curve clearly shows that the
nanoparticles are polydisperse in size. The polyaniline
matrix allows each ferrite nanoparticles to behave inde-
pendently and interparticle interactions are not important.
For the shape of the curves a very clear trend of the vari-
ation of the blocking temperature with the concentration of
the magnetic nanocrystal in the polymer can be deduced.
As the concentration of the magnetic nanoparticles in the
nanocomposite increases, the blocking temperature
increases [20].

Figure 6 shows the reduced magnetization (M/M;) ver-
sus applied magnetic field (H) at 300 K for a Fe;O4/PANI
(2.6 wt.% Fe;0,) composite sample. When grain size of
magnetite particles decreases to a critical size (<20 nm),
the coercive force H, decreases to zero and the nanopar-
ticles exhibit a superparamagnetic behavior, which can be
usually observed at room temperature (above blocking
temperature) [21]. The applied magnetic field H dependence

@ Springer
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of the magnetization M can be described by Langevin
equation [22]

M = M[coth(uH /KT — kT /uH))]

where M and M, are the magnetization and the saturation
magnetization (emu cgs) respectively,

- MnpD?

! ()

u is the magnetic moment of each particle (emu cgs), H is
the magnetic field (Oe), T is the absolute temperature, and k
is the Boltzmann constant. The Langevin relation considers
each particle as a magnetic monodomain. Figure 6 shows
the best fit for the Langevin function in Eq. (2). From this
data fitting, the mean-magnetic moment per particle of
sample is found to be 2,529 ug (Eq. (3)). The relationship
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Fig. 7 Magnetization curves at different temperature (5, 50, 100 and
300 K) for a sample of Fe;O4/PANI composite with 2.6 wt.% of
Fe;0,4 nanoparticles. Inset: the variation of the sample magnetization
at 0.1 T with temperature
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temperature shows a typical behavior of ferromagnetic
materials and can be reasonable considered as a result of
decrease in thermal energy [23].

Application of a magnetic field will align the magnetic
moment of the nanoparticles in the field direction, and
magnetization rises with increasing field until, in many
cases, a saturation value is reached. When a magnetic field
is applied to the Fe3;O4/PANI-DBSA composite at 300 K
(2.6 wt.% of Fe30,4), the magnetization increases rapidly
and reaches 0.87 emu/g Fe30, at an applied magnetic field
of 1.5 T (Fig. 7). As the temperature is lowered, the
magnetization increases. At 5 K, similarly, the magneti-
zation of the nanocomposite increases with increasing field,
but in this case, the magnetization continuously increases
without saturation. The maximum magnetization at low
temperature which is higher than that of the composite at
room temperature is still lower than the saturation mag-
netization (84 emu/g) for bulk Fe;O, particle [22] and
65 emu/g for Fe;04 nanoparticles [24] (Table 1).

In Fig. 8 the influence of the Fe;O,4 content on the sat-
urated magnetization (M) of the Fe;04/PANI composites
is shown. When the Fe;O, content increases from 0.3 to
100%, the saturated magnetization linearly increase from
0.167 to 59.38 emu/g.

The weaker magnetization and lack of saturation have
often been observed in ferromagnetic iron oxides nano-
particles of similar sizes due to the surface and size effects

Table 1 Magnetization at 1.5 T (M) and coercive force (H.) at
different temperature for a sample of Fe;O4/PANI composite with
2.6 wt.% of Fe;0,4 nanoparticles

T (K) 300 100 50 5
M, (emu/g) 0.87 1.29 1.80 7.71
H, (T) -0 25.6 79.6 160
4
60 ® m
50 4
40 4
3 1”5
30 4 . 3
2 20 ks o
| =
104 © ® o 4o
o] "
0 20 40 60 80 100
% w Fe,0,

Fig. 8 Magnetization at 1.5 T (M) and conductivity (o) at 300 K for
samples of Fe;O4/PANI composite with different Fe;O, content

[25, 26]. The discontinuity of the superexchange bonds
between the iron cations near/on the nanoparticles surfaces
leads to the formation of canted spins. The no collinear
spin structure due to the pinning of the surface spins at the
interface of the magnetic nanoparticles and the polyaniline
coating reduces the total magnetic moment of the nano-
particles. The distribution in the nanoparticles size and the
superparamagnetic relaxation of the smaller particles in the
distribution leads to the no saturation of the magnetization.

At room temperature, the conductivity of Fe;O4/PANI
composites increased from 0.18 to 3.69 S/cm when the
content of Fe;0, varied from 0 to 16% (Fig. 8). At the point
of 16%, the conductivity reached the maximum value.
Then, the conductivity of Fe;O4/PANI composites reduced
with the increase of the Fe;O,4 content. This phenomenon
was accordant with some other references [27-29]. In the
disordered system like the conducting polymers, micro-
scopic conductivity depends upon the doping level, conju-
gation length or chain length while the macroscopic
conductivity depends on some external factors like com-
pactness of the sample, orientation of the microparticles,
etc. In our composites, on the one hand, the intrinsic
microscopic conductivities are more or less equal, because
of the PANI being polymerized in identical conditions. On
the other hand, as the PANI content in the composites
lowered, the change in compactness becomes more signif-
icant, so the compactness of the Fe;04/PANI particles in the
composite improved with the Fe;O,4 content in the system.
As a result, the weak links between the grains are increas-
ingly improved and the coupling through the grain bound-
aries becomes stronger. Similar results have been reported
for Co3;04/PANI and TiO,/PANI composites [30]. For
higher Fe;O,4 content (>16 wt.%), the decrease in conduc-
tivity may be due to particle blockage of conduction path by
the Fe;O4 nanoparticles embedded in the PANI matrix.

The temperature dependent of resistivity of PANI/Fe;0y4
composites with different Fe;O, content was measured at
temperature between 10 K and 300 K. The conductivity of
all measured samples decreased with decreasing tempera-
ture exhibiting typical semiconducting behavior as shown
in Fig. 9. Further studies are in progress.

Conclusions

e We successfully synthesized polyaniline (PANI) com-
posites containing Fe;O, nanoparticles (about 10—
13 nm) by “‘in situ’’ polymerization in the presence
of DBSA and HCI as a dopant.

e The Fe;04/PANI nanocomposite prepared in a single
step, with good solubility in organic solvents, exhibited
high conductivity and magnetic properties.
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