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Uniformly dispersed amorphous nanoparticles of magnetite in polyvinyl alcohol have been obtained by

ultrasound radiation. The properties of the as-prepared composite material were characterized by various

analytical methods. We have found that the magnetite particles that were 12±20 nm in diameter were very well

dispersed in the PVA. The magnetization measurements establish that the composite material is

superparamagnetic in nature.

1 Introduction

Nanometre-sized metals, metal oxides and semiconductors are
of great interest because they can have physical and chemical
properties that are neither characteristic of the atoms nor of
their bulk counterparts. The large ratio of surface area to
volume can contribute to some of the unique properties of
nanoparticles.1±6 Such nanoparticles are expected to have novel
electrical, optical, magnetic, and catalytic properties.7±11 For
example, magnetic nanoparticles can be so small that each
particle becomes a single magnetic domain9 and exhibits
unusual phenomena, such as superparamagnetism.10 Magnetic
nanoparticles have been produced in a variety of matrix
materials, such as silicon oxides,12 aluminium oxides,13 porous
glass,14 vesicles,15 and different polymers such as poly(styr-
ene),16 cross-linked poly(styrene) resin,17 poly(ethylene
glycol),18 poly(methylacrylic acid),19 poly(4-vinylpyridine),20

poly(pyrrole),21 poly(aniline),22 and poly(vinyl alcohol).23,24

Ugelstad et al.,25,26 for example, prepared hydrophilic micro-
metre-sized particles consisting of a polymer latex impregnated
with approximately 20% w/w single-domain maghemite. These
composite particles were synthesised by the in situ oxidation of
iron salts within the polymer latex and are commercially
available as magnetic carriers. Recently Sohn and Cohen27

reported the preparation of freestanding copolymer ®lms
containing magnetic iron oxide nanoclusters by static casting.
The size distribution of the nanoclusters was relatively narrow,
and they were uniformly distributed within the ®lms. Magnetic
measurements revealed that the nanocomposite ®lms were
superparamagnetic. Most recently, Vladimir et al.28,29 reported
the preparation of polymer coated magnetite nanoparticles
synthesized by `seed' precipitation polymerization of methyl-
acrylic acid and hydroxyethyl methacrylate in the presence of
magnetite nanoparticles. They claimed that the potential use of
polymer coated magnetite nanoparticles lies in contrast agents
for magnetic resonance imaging (MRI).

Recently, sonochemical processing has proven to be a useful
technique for generating novel materials with unusual proper-
ties. Sonochemistry arises from acoustic cavitation phenom-
ena, that is, the formation, growth, and implosive collapse of
bubbles in a liquid medium.30 The extremely high temperatures
(w5000 K), pressure (w20 MPa), and very high cooling rates
(w1010 K s21) attained during cavitation collapse lead to many
unique properties in the irradiated solution. Using these
extreme conditions, Suslick and his co-workers have prepared

amorphous iron31 by using sonochemical decomposition of
metal carbonyls in an alkane solvent. Recently, we have
successfully prepared metal polymer composite materials32a,b

using ultrasound radiation.
In the present investigation we have employed a sonochem-

ical method for the preparation of amorphous magnetite
nanoparticles embedded in polyvinyl alcohol. The character-
ization and properties of the composite material are reported
herein.

2 Experimental

A composite material of amorphous magnetite±polyvinyl
alcohol was prepared by the sonochemical method. The
mixture of iron pentacarbonyl, Fe(CO)5 (1 M, Aldrich) and
polyvinyl alcohol (Aldrich, Mw 90000, 99% hydolysed, 1 g) in
100 ml of doubly distilled deoxygenated water was sonicated at
10 ³C under an argon ¯ow at 1.5 atm for 3 h with a high
intensity ultrasonic probe (Sonics and Materials, VC-600,
20 kHz, 100 W cm22). The product of the sonication was
centrifuged and ®rst washed with deoxygenated water, and
then with dry pentane. All of the washings and preparation
procedures were performed in an inert glove box (O2v2 ppm).
The precipitate was dried in vacuum at room temperature
overnight.

The XRD measurements were carried out at different
temperatures, including room temperature, with a Bruker X-
ray diffractometer D8. DSC measurements were carried out on
a Mettler DSC 30 by using argon as the carrying gas.
Magnetization was measured using a Quantum Design
MPMS SQUID magnetometer. The thermogravimetric analy-
sis (TGA) was carried out using a Mettler TGA/STDA 851.
The MoÈssbauer spectroscopy (MS) studies were carried out at
300 K, using a conventional constant acceleration spectro-
meter. The 57Fe MS were measured with a 50 mCi 57Co : Rh
source, and the spectra were least-squares ®tted with two sub-
spectra. The isomer shift (IS) values are relative to iron metal at
300 K. Transmission electron micrographs were obtained with
a JEOL JEM100SX electron microscope. The AFM measure-
ments were carried out in contact mode employing a
Topometrix TMX2010 Discoverer using a 7 mm tube scanner
and V-shaped tips with a cantilever having a spring constant of
0.032 N m21. The sample preparation was carried out in the
following way. The aqueous solution of the composite material
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was spread on a ¯at mica surface and allowed to dry overnight
under vacuum.

3 Results and discussion

Fig. 1 displays the XRD patterns of as-prepared composite
material (a), heated at 200 ³C for 24 h under high pure nitrogen
¯ow (b), heated at 400 ³C for 10 h under high pure nitrogen
¯ow (c), and of untreated commercial polyvinyl alcohol (d).
Fig. 1(a) clearly indicates that the as-prepared composite
material is amorphous in nature, no trace of a crystalline
phase was detected. This correlates very well with the results
obtained by Suslick and co-workers,31 who reported the
formation of an amorphous product when a decalin solution
of Fe(CO)5 was sonicated under similar conditions. The XRD
patterns of the heated composite materials, see in Fig. 1(b),(c),
match that of Fe3O4, JCPDS card no.: 19-0629. The particle
sizes, calculated by using the Debye±Scherer formula,33 are
20 nm and 30 nm for composite materials heated at 200 ³C and
400 ³C, respectively.

The topographic AFM images of the polyvinyl alcohol and
the as-prepared composite material are depicted in Fig. 2(a)
and (b), respectively. Fig. 2(b) shows the topography of the
magnetite particles whose sizes vary between 10 nm and 70 nm,
protruding from the surface. For comparison we also present
the topography of the undoped polymer surface (Fig. 2(a)),
which reveals that the adhesion forces for the polymer are also
strong and a uni®ed coverage of the ¯at mica substrate is also
observed. The protruding islands observed for the composite
particles are missing in the polymer image.

In Fig. 3, we present the TEM pictures of (a) the as-prepared
composite material and (b) the composite material heated at
200 ³C. Fig. 3(a) clearly shows the excellent dispersion of the
Fe3O4 particles over the entire area. There is no evidence in this
picture of crystallites of Fe3O4 particles. The sizes of the Fe3O4

particles are 12 and 20 nm for as-prepared materials and for the
composite heated at 200 ³C, respectively. The sizes are in
reasonable agreement with the XRD results.

Fig. 4 shows the DSC curves of (a) polyvinyl alcohol and (b)
the as-prepared composite material. The broad endothermic

peak detected in Fig. 4(a) at ca. 72 ³C is attributed to the glass
transition temperature; the second endothermic peak at ca.
228 ³C is attributed to the loss of bonded water; and the third
endothermic peak at ca. 336 ³C is attributed to the structural
decomposition of the polyvinyl alcohol. In Fig. 4(b) the broad
endothermic peak at ca. 58 ³C is attributed to the glass
transition temperature; the second endothermic peak at ca.
226 ³C is attributed to loss of bonded water and the third
endothermic peak at ca. 318 ³C is attributed to the structural
decomposition of the as-prepared composite material. The
reason for the lowering of the glass transition and structural
decomposition temperatures could be the existence of the
magnetite as an impurity in the as-prepared composite
material. We have not observed the amorphous to crystalline
transition, the reason for which could be overlapping
endothermal peaks of the polyvinyl alcohol indicating the
loss of bonded water, and the amorphous-to-crystalline
transition which occurs at the same temperature. We have
carried out TGA measurements to obtain information on the
stability of the polymer and the effect of the magnetite on its
stability. Fig. 5 depicts the TGA curves of (a) polyvinyl alcohol
and (b) the as-prepared composite material. The pure polymer
disintegrates at 340 ³C, while the composite material is stable

Fig. 1 X-Ray diffraction patters of (a) as-prepared composite material,
(b) composite material after heating at 200 ³C in high purity N2 for
24 h, (c) composite material after heating at 400 ³C in high purity N2 for
10 h, and (d) undoped commercial poly(vinyl alcohol).

Fig. 2 AFM topographic images of (a) untreated commercial poly-
(vinyl alcohol), and (b) as-prepared composite material.

Fig. 3 Transmission electron micrograph pictures of (a) as-prepared
composite material, and (b) composite material after heating at 200 ³C
in high purity N2 for 24 h.
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only up to 312 ³C. These results are in accordance with the
corresponding DSC data. The reason for this could be that the
perturbation that the magnetite introduces affects the three-
dimensional structure of the polymer. This perturbation
weakens the van der Waals interaction between the polymer
chains, thus affecting the stability of the polymer, which is
re¯ected in the lowering of the decomposition temperature.

The MoÈssbauer spectra of the as-prepared composite and the
heated composite materials were measured at 300 K and are
shown in Fig. 6. For the as-prepared composite material
(Fig. 6(a)), the central part of the spectrum exhibits only a
broad doublet, which clearly indicates the lack of long-range
magnetic ordering. The main information obtained from the
experimental spectrum and the computer simulation is the
presence of two quadrupole doublets, with a relative ratio of
1 : 2, corresponding to inequivalent Fe sites in the amorphous
material. The hyper®ne parameters are calculated as: isomer
shift d~0.36 and 0.41 mm s21 (relative to iron metal), and the
quadrupole splitting D~eqQ/2~0.73 and 1.33 mm s21 with a
common line width of 0.43 mm s21, respectively.

The most important spectrum is that of the as-prepared
composite material heated at 200 ³C (Fig. 6(b)). This spectrum
clearly shows hyper®ne magnetic splitting, which is clear
evidence for long-range magnetic ordering at room tempera-
ture. The interpretation of the spectrum is consistent with the
well-established site assignment of Fe3O4 (magnetite). In this
structure, the Fe2z ions reside in site B, whereas Fe3z ions are
distributed over sites A and B. This spectrum was ®tted by two
sextets: for the sextet attributed to site A (Fe3z), we obtained
the hyper®ne parameters Heff~497(2) kOe and
d~0.29(1) mm s21. For the most intense subspectrum of
relative intensity 70(1)% corresponding to site B (Fe3zz-

Fe2z), the magnetic hyper®ne ®eld is Heff~463(2) kOe and
d~0.63 mm s21. The common line width is 0.36 mm s21. The
fast electron transfer process (electron hopping) between Fe2z

and Fe3z ions produces a completely averaged spectrum for
these ions, which do not show a quadrupole effect. The data
obtained are in good agreement with the well-known hyper®ne
parameters of Fe3O4,34 and provide conclusive evidence for the
identity of this material as Fe3O4.

Fig. 7 shows the magnetization loop of (a) the as-prepared
composite and (b) the composite material heated at 200 ³C. The

Fig. 5 The TGA curves of (a) undoped commercial poly(vinyl alcohol),
and (b) as-prepared composite material. The heating rate was
10 ³C min21.

Fig. 6 Room-temperature MoÈssbauer spectra of (a) as-prepared
composite material, and (b) composite material after heating at
200 ³C in high purity N2 for 24 h.

Fig. 7 The room temperature magnetization loop of (a) as-prepared
composite material, and (b) composite material after heating at 200 ³C
in high purity N2 for 24 h.

Fig. 4 DSC curves of (a) as-prepared composite material, and (b)
undoped commercial poly(vinyl alcohol). The heating rate was
10 ³C min21.
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magnetization of ferromagnetic materials is very sensitive to
the microstructure of any particular sample. If a specimen
consists of small particles, its total magnetization decreases
with decreasing particle size owing to the increased dispersion
in the exchange integral,35 and ®nally reaches the super-
paramagnetic state, when each particle acts as a `spin' which
suppresses the exchange interaction between the particles. A
theoretical description of the magnetic behavior of materials
consisting of interacting nanopaticles can be found in ref. 36.
Thus, we expect to see a dramatic difference between the
magnetization of commercial Fe3O4 powder and nanocom-
posite materials. The coercitivity ®eld Hc and magnetization M
of (a) the as-prepared composite material at an external
magnetic ®eld of 1.5 T are 25 G and 1.65 emu g21 respectively,
and for (b) the heated composite material at 200 ³C they are
50 G and 35 emu g21, whereas previously it had been
reported36 that Hc and M for commercial Fe3O4 are 293 G
and 96.3 emu g21. It is important to note that we observed no
saturation of magnetization as a function of the ®eld, even at
15 kG, for our composite materials. This is further evidence
that we are dealing with a superparamagnetic material.

Mechanism for the formation of amorphous Fe3O4 nanoparticles
embedded in polyvinyl alcohol

The effects of ultrasound radiation on chemical reactions are
due to the very high temperatures and pressures which develop
during the collapse of a cavity formed in the liquid. There are
two regions of sonochemical activity, as postulated by Suslick
et al.:37,38 inside the collapsing bubble and the interface
between the bubble and the liquid. If the reaction takes place
inside the collapsing bubble, as is the case for transition metal
carbonyls dissolved in organic solvents, the temperature inside
the cavitation bubble can be 5000±2300 K, depending on the
vapor pressure of the solvent.37 On the other hand, if water is
used as the solvent, the maximum bubble core temperature that
can be reached is close to 4000 K,39 causing the pyrolysis of
water to H and OH radicals. The sonication of Fe(CO)5 in
decalin under argon yields amorphous iron31 while its
sonication under air yields amorphous Fe2O3.6 The product
obtained is amorphous as a result of the high cooling rates
(w1010 K s21) which occurs during the collapse. Following the
above mentioned results the sonication of Fe(CO)5 in water±
polyvinyl alcohol solution under argon yields amorphous
Fe3O4 embedded in polyvinyl alcohol. The likely reaction steps
are as follows:

Fe�CO�5 A
�����

Fez5CO (1)

H2O A
�����

H
.
zOH

.
(2)

H
.
zH

.
?H2 (3)

OH
.
zOH

.
?H2O2 (4)

2FezH2O2?2Fe2zz2OH{ (5)

2Fe2zzH2O2?2Fe3zz2OH{ (6)

Reactions (1), (2), (3), and (4) occur inside the collapsing
bubble while reactions (5) and (6) take place in the interfacial
region.

4 Conclusions

Uniformly dispersed amorphous nanoparticles of magnetite in
a polyvinyl alcohol matrix have been obtained by ultrasound
radiation. The magnetic properties of this composite material
establish that the composite material is superparamagnetic in
nature.
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