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Abstract

Magnetite (Fe;O,) nanoparticles were prepared by in situ precipitation and oxidation of ferrous ions in the presence of w-functionalized
polystyrenes having carboxylate, sulfonate, thiol, and thiolated groups. Based on the results for the orthogonal experimental design, both the
ratio of the concentration of iron precursor to polymer and the reaction temperature were the major factors controlling the particle size and its
shape morphology. By adjusting the reaction conditions, the iron oxide particle size can be effectively controlled in the range between 2 and
20nm. The magnetite-based polymer composite was characterized by UV-vis spectroscopy, thermogravimetric analysis, transmission electron
microscopy, and X-ray diffraction. Magnetization measurements revealed that the nanocomposite materials exhibit superparamagnetic behavior at

room temperature.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, polymer-based magnetic nanocomposites
have gained an increasing interest because of their potential
applications [1,2]. A variety of functional polymers includ-
ing derivatives of polystyrene [3-5], poly(vinylpyridine) [6,7],
polyimine [8], poly(vinyl alcohol) [9-12], poly(pyrrole) [13],
poly(aniline) [14,15], and poly(vinyl-pyrrolidone) [16] have
been used in the preparation of nanocomposites. Recently, it
has been reported that telechelic polystyrenes were successfully
applied for the synthesis of nanosized cadmium sulfide parti-
cles [17]. However, little work has been reported on the use of
terminally functionalized polymers as magnetic nanocomposite
matrix.

In this article, we report a simple organic-phase synthe-
sis of magnetite (FezO4) nanoparticles using w-functionalized
polystyrene as surfactant stabilizer affecting the morphology
of the nanocomposite depending upon the ratio of Fe(Il) ion
to polymer and the reaction temperature. The formation of
nanosized iron oxide particles within the polymer matrix was
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characterized using transmission electron microscopy (TEM)
measurement, and the magnetic property of the composites was
also examined briefly.

2. Experimental
2.1. Materials

All the chemicals as reagent were used without further purification. Ferrous
chloride tetrahydrate (FeCl,-4H,O) was obtained from Aldrich. Tetrahydrofuran
(THF), toluene, N,N-dimethylformamide (DMF), methanol, and sodium hydrox-
ide were purchased from J.T. Baker. The polymeric matrices used in this study
include w-sulfonate polystyrene (PSSOzH, My, 5 kDa), w-thiolated polystyrene
(PSSH or PSSLi, M, 5kDa), and w-carboxylate polystyrene (PSCO,H, M,
39kDa), which were synthesized by standard high vacuum techniques [18]
and have a narrow molecular weight distribution (My/M, < 1.1 determined by
GPC).

2.2. Preparation of polymer—magnetite composites

The preparation of polystyrene—magnetite composites was performed as
the following: a given amount of FeCl,-4H,>O (25 mg) was dissolved in poly-
mer/THF solution (12 g L=, 25 mL) under an argon atmosphere and the mixture
was stirred for 6 h at room temperature or refluxing after injecting into aqueous
NaOH (12.5N, 100 pwL). Following the reaction, the solution was concentrated
and then was isolated by precipitation in methanol. Drying under vacuum at
50°C led to a powder sample.
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2.3. Measurements

UV-vis absorption spectra were obtained by a Hewlett-Packard 8453A
Diode Array spectrophotometer. Raman spectra were recorded from 4000 to
200cm™~! on a Nicolet Almega spectrometer. The X-ray diffraction (XRD) of
the samples was obtained on a MacScience MXP18 diffractometer using Cu
Ka radiation at wavelength A = 1.5405 A. Diffraction patterns were measured in
40kV and 100 mA with 1° min~! scan speed. The distances between peaks (d)
were calculated according to Bragg’s law. Transmission electron microscopic
techniques (TEM, Philips CM) were employed to examine the morphology and
the microstructure of composite samples. Thermogravimetric analysis (TGA)
was carried out on a DuPont TGA 2950 in N; atmosphere between room tem-
perature and 600°C at a heating rate of 10°C min~'. Magnetic property of
the composites was studied using a Physical Properties Measurement System
(Model: PPM-9, Quantum Design) at fields ranging from —30 to 30 kOe and at
temperatures from 5 to 300 K.

3. Results and discussion
3.1. Characterization of magnetic nanocomposites

Fig. 1 shows the UV-vis absorption spectra of as-prepared
four samples using different w-functionalized polystyrene matri-
ces. Pure w-functionalized PS samples were found to absorb
below 300 nm; hence, the absorption between 300 and 450 nm
can be attributed to the iron oxide nanoparticles embedded. It
can be seen that the spectra a—c display broad peaks, which cor-
respond to PSSH, PSSLi, and PSSOz H-coated particles, respec-
tively. Nevertheless, PSCO,H-based composite has a different
absorption fashion, in which an onset present at about 310 nm (d,
Fig. 1). The observation was somewhat similar to that reported
by Zhang and co-workers [19] In fact, the carboxyl terminated
polystyrene seemed to be less effective at particle stabilization
in this solution synthesis, which may be related to its higher
molecular weight and/or the poor affinity of carboxyl groups to
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Fig. 1. UV-vis spectra of iron oxide—composites prepared within -
functionalized PS matrices: (a) PSSH (5§ kDa); (b) PSSLi (5 kDa); (c) PSSOzH
(5kDa), and (d) PSCO,H (39kDa). Reaction conditions: polymer 300 mg;
FeCly-4H,0 0.2 mmol; NaOH (aq. 12.5N) 100 wL; 6 h at reflux under argon
atmosphere.
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Fig. 2. X-ray powder diffraction patterns of Fe3O4—PSSLi composites prepared
at different temperature: (a) 0°C, (b) 23°C, and (c) reflux. Reaction condi-
tions: polymer 150 mg; THF 25 mL, FeCl,-4H,0 0.2 mmol; NaOH (aq. 12.5N)
100 nL; 6 h, Ar.

the oxide particle surface. It was also noted that the oxidation
of ferrous ions carried out smoothly although under the pro-
tection of argon atmosphere. This suggests that the content of
dissolved oxygen in the hydrophilic region of polymer matrices
was high enough to the formation of oxide. We suspect that Fe(II)
ions aggregated at the hydrophilic domains and in situ formed
iron oxide particles were coated with polymer shell, and then
dissolved in reaction media. Furthermore, the polymer chains
would serve as templates to confine the growth of oxide particles.
A set of comparison experiments proved that the PS matrix is
necessary to prevent oxide particles from agglomeration caused
by Van der Waals forces and magnetostatic interparticle inter-
actions. Except THF, it was difficult to form a stable dispersion
for other media such as toluene, DMF, and THF/MeOH, etc.
However, the resultant powder product prepared in THF is read-
ily soluble in toluene, chloroform, and DMF (~50 mg mL_l),
leading to a transparent brown organosol that remain stable after
6 months.

Typical XRD patterns of the as-synthesized nanocompos-
ite are shown in Fig. 2. The patterns show a very broad peak
at d~4.7A, which is due to polystyrene and other diffrac-
tion peaks belonging to the polycrystalline iron oxide phase.
As shown in Table 1, the d spacing values of the synthesized

Table 1
Diffraction angles (26) and d-spacing values (A) corresponding to the peaks
observed in the XRD pattern of the iron oxide-PSSLi composite sample

Peak Diffraction angle (260) d (exp) d (ASTM data Fe304)?
1 29.73 3.0025 2.967

2 35.48 2.5280 2.532

3 42.7 2.1158 2.0993

4 53.56 1.7096 1.7146

5 56.64 1.6237 1.6158

6 62.76 1.4793 1.4845

2 JCPDS card number: 19-629.
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Fig. 3. Typical Raman spectrum of the synthesized nanocomposite.

iron oxide particles were close to standard JCPDS Fe3O4 data.
In addition, Raman spectroscopy was also employed to further
determine the nature of oxide cores (Fig. 3). The observed spec-
trum contained the Raman bands corresponding to FezO4, with
a small quantity of the Raman bands for hematite (a-Fe;O3)
[20,21]. These results indicate that the inorganic cores were
mainly composed of Fe304.

Iron oxide particles synthesized at reflux are characterized
by a well-defined X-ray diffraction pattern, suggesting forma-
tion of highly crystallized nanoparticles (Fig. 2). Conversely, the
preparation performed at lower temperatures produced the par-
ticles with a low crystallinity. The mean particle size of 20 nm
was deduced for the sample (Fig. 2c) by the Debye—Scherrer
formula (mean crystallite size D=0.9A/Bcos6, where 0.9
is a dimensionless constant, A =1.5405 A, B=broadening of
width at the half-peak height in radians, and 6=Bragg’s
angle) [22]. On the other hand, the samples with a nomi-
nal iron oxide loading (<1 wt.%) did not display any peaks
except that of polymer, likely due to the small particle
sizes.

To investigate the influence of synthesis parameters on the
size and shape morphology of the particles, a factorial design of
experiments was established using the Lo(3*) orthogonal table
[23]. This is a three-level three-factor system, in which values
of the three levels of factors were chosen after performing a

Table 2
Results of three-factor three-level design®

series of trial tests. In view of its comprehensive advantages,
PSSLi was selected as a matrix for this orthogonal test. The
experimental results and factor effects are listed in Table 2. TGA
revealed the oxide content of 1.9-8.3 wt.% for these samples,
which is slightly lower than that expected on the basis of the
feed ratios because of the inevitable loss during preparation or
handling of the materials. By a simple analysis to the data in
Table 2, it can be found that the change in the amount of NaOH
appears to have little influence on the particle size. However,
the particle size was comparatively sensitive to an alteration
of the Fe* feed ratio: the higher the feed ratio, the larger the
particle size. This result implied that the nanoparticle size can
be adjusted by changing the feed ratio of Fe(Il) irons in a certain
range.

The morphology and distribution of Fe304 nanoparticles
in the hybrid composites were examined using transmission
electron microscope (TEM). Some typical TEM images of
the oxide-PSSLi composites are presented in Fig. 4. It can
be seen that the Fe3O4 particles obtained at low feed ratio
of Fe?* was spherical and uniform in size with diameters
of 1-2nm (sample A4 in Fig. 4a). When the oxide content
was raised in the composite, a higher density of particles and
aggregates with larger sizes are clearly seen in Fig. 4c. For
the sample A3, the particles displayed a flake-like shape with
~20nm size (Fig. 4d), probably due to the effect of both
the more amount of precursor Fe(Il) ions and elevated reac-
tion temperature. As shown in Fig. 4b, the nanoparticles pre-
pared under adequate synthetic conditions were loosely dis-
tributed within the polymer matrix. Fig. 5 depicts the corre-
sponding histogram of the size distribution obtained by mea-
suring the diameter of 200 particles. It is apparent from the
plot that the main distribution located the range between 6 and
10 nm.

3.2. Magnetic properties

The magnetization of ferromagnetic materials, such as mag-
netite and maghemite, is very sensitive to the microstructure of
a particular sample. If a specimen consists of small particles, its
total magnetization decreases with particle size, due to increas-
ing dispersion on the exchange integral, and finally reaches the
superparamagnetic state when each particle acts as a “spin”

No. PSSLi (mg) FeCl,-4H,0 (mmol) NaOH (12.5N, pL) Temperature (°C) Fe3O4/composite (wt.%) (TGA)® Particle size (nm)
Al 150 0.1 100 0 4.5(4.9) 8-15

A2 150 0.2 250 r.t. 8.3(9.3) 15-20

A3 150 0.15 150 Reflux 7.1(7.2) 19.8¢

A4 450 0.1 250 Reflux 1.9 (1.7) 1-2

A5 450 0.2 150 0 3.1(3.3) 3-5

A6 450 0.15 100 r.t. 2.1 (2.5) 1-2

A7 300 0.1 150 r.t. 2.3 (2.5) 3-5

A8 300 0.2 100 Reflux 4.8 (4.9) 7.2¢

A9 300 0.15 250 0 34 3.7) 5-8

2 PSSLi, FW =5000; THF 25 mL; Ar atmosphere for 6 h.
® TGA: thermogravimetric analysis. The data in parentheses are wt.% of iron oxide expected from feed ratios.
¢ Calculated from XRD data by the Debye—Scherrer formula.
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Fig. 4. TEM micrographs of as-prepared Fe3O4—composite samples: (a) A4, (b) A8, (c) A2, and (d) A3 (see: Table 2).

with suppressed exchange interaction between the particles [24].
Fig. 6 shows the magnetization of a nanocomposite sample (A3)
as a function of applied magnetic field at room temperature. The
composite material exhibited extremely small hysteresis loop
and coercivity. This lack of hysteresis and coercivity is charac-
teristic of superparamagnetic particles or some single-domain
particles [25,26]. For this sample with magnetite loading of
~T%, the saturation magnetization (o) was about 6.3 emu g_1
at 30 kG. When expressed per gram of magnetite in the nanocom-
posites, oy equals ~90 emu g~ ! of Fe304. Apparently, the larger
distribution and smaller size of particles decreases o consid-

erably due to relaxation effects of spins on the surface atoms
[27].

The temperature dependence of the magnetization was mea-
sured with use of zero-field cooling (ZFC) and field cooling
(FC) procedures in an applied magnetic field of 100 Oe between
5 and 300K (Fig. 7). Above 50K the magnetization decreases
with increasing temperature in both ZFC and FC cases. At lower
temperatures the magnetization increases monotonically with
decreasing temperature for the FC, whereas the ZFC magne-
tization passes through a maximum at ~40K, which can be
associated with the blocking temperature [27].
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Fig. 5. A histogram of particle size distribution of sample A8 (see: Table 2 and
Fig. 4b).
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Fig. 6. Magnetization of PSSLi-based magnetite composite as a function of
applied magnetic field at room temperature (sample A3 in Table 2).
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Fig. 7. Magnetization vs. temperature for PSSLi-coated magnetite nanocom-
posite (sample A3 in Table 2) at H=100Oe: (a) field cooled; (b) zero-field
cooled.

4. Conclusions

Nanometer-sized Fe3 O4—composites have been successfully
prepared by in situ precipitation and oxidation of ferrous ions
within w-functionalized polystyrene matrices in the organic
media. By changing the Fe(II) precursor feed ratio and reaction
temperature, the particle size of in situ formed iron oxide can
be tuned in the range of 2-20 nm. The particle morphology and
crystallinity were also dependent on the synthetic parameters.
The resultant hybrid materials would be expected to have some
potential applications due to their easy availability and specially
stability in organosol state.
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