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Polymer-grafted magnetic nanoparticles were prepared via in situ solution radical
polymerisation. The oleic acid modified magnetic nanoparticles were prepared
by the coprecipitation of magnetic nanoparticles in the presence of oleic acid.
Then they were used as comonomers in the polymerisation of styrene. The
products were characterised with Fourier transform infrared spectroscopy,
thermogravimetric analysis and transmission electron microscope. The effect
of the OA-MNPs added on the conversion of styrene (C%), the percentage
of grafting (PG%) and the magnetic properties of the polystyrene/magnetic
nanoparticles composites (PS/MNPs) were also investigated.

Keywords: polystyrene; magnetite nanoparticles; oleic acid; in situ; radical
polymerisation

1. Introduction

In the last decades, magnetic nanoparticles have been widely investigated because of
their unique properties compared with bulk material and their potential applications [1,2],
such as cancer therapy [3], biomedicines [4], drug delivery [5], biosensors [6], molecule
detection [7], immobilisation of enzymes [8], catalysts [9], adsorbents [10], nanodielectrics
[11] and so on. For many applications, the control of surface functionality is a key for
controlling the nanoparticles’ interaction with biological species, self-assembly dispersion
and compatibility with polymeric materials [12]. The surface modification of the magnetic
nanoparticles is essential for inhibiting the aggregation of nanoparticles and for cont-
rolling the inter-particle interactions and dispersibility in a solvent. Furthermore, it is
known that the surface chemistry of the magnetic nanoparticles is responsible for their
magnetic properties because of the exceedingly high ratio of atoms at the surface to those
within the particles.
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Several strategies have been developed for the surface covalent modification of the
magnetic nanoparticles with polymers via the ‘grafting to’ methods [13] or ‘grafting
from’ methods. For the latter approaches, a much higher percentage of grafting could be
achieved because of the smaller steric hindrance [14]. However, the polymerable groups
[15] or initiating groups [16,17] should be immobilised onto the surfaces of the magnetic
nanoparticles before the polymerisation. The ligand-exchange step was needed for the
particle size-controlled magnetic nanoparticles with surfactants [17].

In the present work, the magnetite nanoparticles (Fe3O4, MNPs) were prepared with
oleic acid (OA) as surfactant and then the oleic acid modified magnetite nanoparticles
(OA-MNPs) were used directly as comonomers in the solution radical polymerisation
of styrene. The effect of the OA-MNPs added on the conversion of styrene (C%),
the percentage of grafting (PG%), and the magnetic properties of the resulting nano-
composites (PS/MNPs) and the polystyrene-grafted magnetite nanoparticles (PS-MNPs)
were investigated.

2. Experimental details

2.1. Materials and reagents

Ferric chloride hexa-hydrate (FeCl3 � 6H2O), ferrous chloride tetra-hydrate (FeCl2 � 4H2O),
ammonium hydroxide (NH4OH, 25% of ammonia) and oleic acid (OA) were analytical
grade reagents received from Tianjin Chemical Co. (Tianjin, China) and were used without
further purification (i.e. were used as received). The monomer, styrene (St, analytical
reagent, Tianjin Chemicals Co. Ltd, China) was dried over CaH2 and distilled under
reduced pressure. The initiator, 2,20-azobis (isobutylonitrile) (AIBN) (Tianjin Chemicals
Ltd. Co. Tianjin, China) was recrystallised in ethanol. Toluene, tetrahydrofuran (THF)
and ethanol (Tianjin Chemicals Co. Ltd, China) were all analytical grade reagents.
Distilled water was used throughout.

2.2. Preparation of OA-MNPs

The OA-MNPs were prepared as following: 2.07 g FeCl3 � 6H2O and 0.81 g FeCl2 � 4H2O
were dissolved into 100mL water with stirring and bubbling with N2. Then the mixture
containing 10.0mL ammonium hydroxide, 1.0mL OA and 15mL water was added drop-
wise into the solution after it was heated to 90�C. The reacting mixture was stirred for
another 30 min after the addition. Finally, the products were collected by a magnet and
were rinsed with water for three times and with ethanol for one time and dried in vacuum.

2.3. Graft polymerisation

Ten millilitres styrene, 0.15 g AIBN and certain amounts of OA-MNPs (Table 1) were
combined into 10.0mL toluene. Then the mixtures were heated to 90�C and kept for
8 h with electromagnetic stirring. The magnetic nanocomposites were separated by
precipitation in ethanol. The PS-MNPs were separated from the non-grafted polystyrene
(PS) by the following procedure reported previously [18]: the PS/MNPs nanocomposites
were extracted with toluene using a Soxhlet apparatus until PS was not eluted in the
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refluxing solvent (no precipitation was observed when the toluene solution was poured
into ethanol).

2.4. Characterisation

Bruker IFS 66 v/s infrared spectrometer was used for the Fourier transform infrared
(FT-IR) spectroscopy analysis. Thermogravimetric analysis (TGA) was performed
with a Perkin–Elmer TGA-7 system at a scan rate of 10�C min�1 to 800�C in N2. The
morphologies of the magnetic nanoparticles were characterised with a JEM-1200 EX/S
transmission electron microscope (TEM). The powers were dispersed in toluene in an
ultrasonic bath for 5min, and then deposited on a copper grid covered with a perforated
carbon film. The magnetic properties were detected by vibrating sample magnetometer
(VSM) (Lakeshore 7304).

The conversion of styrene (C) and the percentage of grafting (PG) were calculated
according to the work reported previously [19].

3. Results and discussion

3.1. Oleic acid modified magnetite nanoparticles

The TEM image of the OA-MNPs was shown in Figure 1. It could be dispersed perfectly
in toluene with the particle diameters of about 10 nm. The FT-IR spectrum reveals the
nature of the bond that is formed between OA and the surface atoms. The antisymmetric
and symmetric vibrations at 2920 and 2850 cm�1, respectively, are clearly observed due to
the aliphatic alkyl chains (Figure 2). The presence of two peaks at 1520 and 1425 cm�1,
attributed to the carboxylate unit vibration modes, shows that oleic acid is bound through
the carboxylate anions, i.e. chemisorptions of the surfactant on the iron oxide surface.
Except the chemisorbed amount, a physisorbed part was also present as evidenced by a less
intense peak at 1721 cm�1 (–COOH) because the miscibility of oleic acid with ethanol is
low [20,21].

The TGA curve of the OA-MNPs was shown in Figure 3. The total OA content
chemisorbed and physisorbed was found to be more than 30% of the OA-MNPs. The
saturation magnetisation value of the OA-MNPs is 32 emu g�1 at 25�C and neither
remanence nor coercivity is observed (Figure 4), which indicates that the OA-MNPs are
superparamagnetic.

Table 1. The effect of the amounts of the OA-MNPs added on the
polymerisation.

Samples MNPs added (g) C% of St PG%
MNPs content in
PS/MNPs (%)

PS/MNPs 1 0.3 49.67 29.40 5.98
PS/MNPs 2 0.6 48.15 32.40 11.54
PS/MNPs 3 0.9 46.20 14.67 16.98
PS/MNPs 4 1.2 30.22 14.38 28.92
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3.2. PS/MNPs

The in situ solution radical polymerisation of styrene was carried out with different OA-
MNPs added as shown in Table 1. The conversion of styrene (C%) was found to be less
than 50% and decreased with the increase in the OA-MNPs added. This is due to the effect
of more oleic acid introduced [22]. The room temperature saturation magnetisation value
of the PS/MNPs nanocomposites increased from 0.9 emu g�1 with 0.30 g OA-MNPs added
in the in situ polymerisation to 12 emu g�1 with 1.20 g OA-MNPs added because of the
increasing of the MNPs content in the PS/MNPs nanocomposites (Figure 4(a)). The four
PS/MNPs nanocomposites, with different OA-MNPs added, also showed no coercivity.

Figure 1. TEM images of OA-MNPs (left) and PS-MNPs (right).
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Figure 2. FT-IT spectra of OA-MNPs and PS-MNPs.
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Figure 4. Room temperature magnetisation curves of: (a) PS/MNPs samples and (b) PS-MNPs
samples.
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Figure 3. TGA curves of PS-MNPs samples.
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3.3. Polystyrene-grafted magnetite nanoparticles

The PS-MNPs were characterised with FT-IR, TGA, TEM and magnetisation after being
separated by extraction. The characteristic absorption peaks at 580 cm�1 attributed to
the Fe–O structure were found to be weak, compared with the FT-IR spectrum of the
PS-MNPs shown in Figure 2. The absorbance band at 699 cm�1 attributed to the phenyl
structure appeared. It indicated that the polystyrene chains had been successfully grafted
onto the surfaces of the MNPs via the in situ radical polymerisation.

The percentage of the grafting (PG%) of the PS-MNPs is given in Table 1, calculated
from the TGA curves (Figure 3). The maximum PG% was achieved with 0.60 g OA-MNPs
added in the in situ polymerisation. For the other three samples, the weight losses until
500�C were less than that of the OA-MNPs. This is due to the superfluous oleic acid
molecules physisorbed on the surfaces of the MNPs, which could be washed off during the
in situ polymerisation.

Some aggregations of the MNPs were found in the PS-MNPs (Figure 1). It might be
due to the washing off of the oleic acid molecules physisorbed on the surfaces of the
MNPs in the toluene solution.

The room temperature saturation magnetisation value of the PS-MNPs nanocompo-
sites increased from 41 emug�1 with 0.30 g OA-MNPs added in the in situ polymerisation
to 63 emu g�1 with 1.20 g OA-MNPs added (Figure 4(b)). The saturation magnetisation
values of the four PS-MNPs samples were higher than that of the OA-MNPs and increased
with the increasing of the MNPs content in the PS-MNPs. All of the samples exhibit
apparent superparamagnetism at room temperature due to their small particle size,
that is, they do not retain any magnetism in the absence of an external magnetic field.
The coercivity was zero, indicating that the domain size of the Fe3O4 particles in each
nanosphere was smaller than the critical diameter. As a result of higher magnetisation,
a clear magnetic response was evident and could readily be used to move and collect the
PS-MNPs with an external magnetic field.

4. Conclusions

In this work, PS-MNPs were successfully prepared by the in situ solution radical
polymerisation of styrene and the OA-MNPs were prepared by the coprecipitation in the
presence of oleic acid. The general method could be extended to other vinyl monomers and
used to produce magnetic nanocomposites.
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