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bstract

Magnetite (Fe3O4) nanoparticles were prepared by in situ precipitation and oxidation of ferrous ions in the presence of �-functionalized
olystyrenes having carboxylate, sulfonate, thiol, and thiolated groups. Based on the results for the orthogonal experimental design, both the
atio of the concentration of iron precursor to polymer and the reaction temperature were the major factors controlling the particle size and its
hape morphology. By adjusting the reaction conditions, the iron oxide particle size can be effectively controlled in the range between 2 and

0 nm. The magnetite-based polymer composite was characterized by UV–vis spectroscopy, thermogravimetric analysis, transmission electron
icroscopy, and X-ray diffraction. Magnetization measurements revealed that the nanocomposite materials exhibit superparamagnetic behavior at

oom temperature.
2006 Elsevier B.V. All rights reserved.
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. Introduction

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

atrix.
In this article, we report a simple organic-phase synthe-

is of magnetite (Fe3O4) nanoparticles using �-functionalized
olystyrene as surfactant stabilizer affecting the morphology

f the nanocomposite depending upon the ratio of Fe(II) ion
o polymer and the reaction temperature. The formation of
anosized iron oxide particles within the polymer matrix was

∗ Corresponding author. Tel.: +86 571 87953727; fax: +86 571 87953727.
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haracterized using transmission electron microscopy (TEM)
easurement, and the magnetic property of the composites was

lso examined briefly.

. Experimental

.1. Materials

All the chemicals as reagent were used without further purification. Ferrous
hloride tetrahydrate (FeCl2·4H2O) was obtained from Aldrich. Tetrahydrofuran
THF), toluene, N,N-dimethylformamide (DMF), methanol, and sodium hydrox-
de were purchased from J.T. Baker. The polymeric matrices used in this study
nclude �-sulfonate polystyrene (PSSO3H, Mw 5 kDa), �-thiolated polystyrene
PSSH or PSSLi, Mw 5 kDa), and �-carboxylate polystyrene (PSCO2H, Mw

9 kDa), which were synthesized by standard high vacuum techniques [18]
nd have a narrow molecular weight distribution (Mw/Mn < 1.1 determined by
PC).

.2. Preparation of polymer–magnetite composites

The preparation of polystyrene–magnetite composites was performed as
he following: a given amount of FeCl2·4H2O (25 mg) was dissolved in poly-
er/THF solution (12 g L−1, 25 mL) under an argon atmosphere and the mixture
as stirred for 6 h at room temperature or refluxing after injecting into aqueous
aOH (12.5N, 100 �L). Following the reaction, the solution was concentrated

nd then was isolated by precipitation in methanol. Drying under vacuum at
0 ◦C led to a powder sample.

mailto:cejlm@zju.edu.cn
dx.doi.org/10.1016/j.matchemphys.2006.05.007
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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-
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.3. Measurements

UV–vis absorption spectra were obtained by a Hewlett-Packard 8453A
iode Array spectrophotometer. Raman spectra were recorded from 4000 to
00 cm−1 on a Nicolet Almega spectrometer. The X-ray diffraction (XRD) of
he samples was obtained on a MacScience MXP18 diffractometer using Cu
� radiation at wavelength λ = 1.5405 Å. Diffraction patterns were measured in
0 kV and 100 mA with 1◦ min−1 scan speed. The distances between peaks (d)
ere calculated according to Bragg’s law. Transmission electron microscopic

echniques (TEM, Philips CM) were employed to examine the morphology and
he microstructure of composite samples. Thermogravimetric analysis (TGA)
as carried out on a DuPont TGA 2950 in N2 atmosphere between room tem-
erature and 600 ◦C at a heating rate of 10 ◦C min−1. Magnetic property of
he composites was studied using a Physical Properties Measurement System
Model: PPM-9, Quantum Design) at fields ranging from −30 to 30 kOe and at
emperatures from 5 to 300 K.

. Results and discussion

.1. Characterization of magnetic nanocomposites

Fig. 1 shows the UV–vis absorption spectra of as-prepared
our samples using different �-functionalized polystyrene matri-
es. Pure �-functionalized PS samples were found to absorb
elow 300 nm; hence, the absorption between 300 and 450 nm
an be attributed to the iron oxide nanoparticles embedded. It
an be seen that the spectra a–c display broad peaks, which cor-
espond to PSSH, PSSLi, and PSSO3H-coated particles, respec-
ively. Nevertheless, PSCO2H-based composite has a different
bsorption fashion, in which an onset present at about 310 nm (d,
ig. 1). The observation was somewhat similar to that reported

y Zhang and co-workers [19] In fact, the carboxyl terminated
olystyrene seemed to be less effective at particle stabilization
n this solution synthesis, which may be related to its higher

olecular weight and/or the poor affinity of carboxyl groups to

ig. 1. UV–vis spectra of iron oxide–composites prepared within �-
unctionalized PS matrices: (a) PSSH (5 kDa); (b) PSSLi (5 kDa); (c) PSSO3H
5 kDa), and (d) PSCO2H (39 kDa). Reaction conditions: polymer 300 mg;
eCl2·4H2O 0.2 mmol; NaOH (aq. 12.5N) 100 �L; 6 h at reflux under argon
tmosphere.
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ions: polymer 150 mg; THF 25 mL, FeCl2·4H2O 0.2 mmol; NaOH (aq. 12.5N)
00 �L; 6 h, Ar.

he oxide particle surface. It was also noted that the oxidation
f ferrous ions carried out smoothly although under the pro-
ection of argon atmosphere. This suggests that the content of
issolved oxygen in the hydrophilic region of polymer matrices
as high enough to the formation of oxide. We suspect that Fe(II)

ons aggregated at the hydrophilic domains and in situ formed
ron oxide particles were coated with polymer shell, and then
issolved in reaction media. Furthermore, the polymer chains
ould serve as templates to confine the growth of oxide particles.
set of comparison experiments proved that the PS matrix is

ecessary to prevent oxide particles from agglomeration caused
y Van der Waals forces and magnetostatic interparticle inter-
ctions. Except THF, it was difficult to form a stable dispersion
or other media such as toluene, DMF, and THF/MeOH, etc.
owever, the resultant powder product prepared in THF is read-

ly soluble in toluene, chloroform, and DMF (∼50 mg mL−1),
eading to a transparent brown organosol that remain stable after
months.
Typical XRD patterns of the as-synthesized nanocompos-

te are shown in Fig. 2. The patterns show a very broad peak

t d ≈ 4.7 Å, which is due to polystyrene and other diffrac-
ion peaks belonging to the polycrystalline iron oxide phase.
s shown in Table 1, the d spacing values of the synthesized

able 1
iffraction angles (2θ) and d-spacing values (Å) corresponding to the peaks
bserved in the XRD pattern of the iron oxide–PSSLi composite sample

eak Diffraction angle (2θ) d (exp) d (ASTM data Fe3O4)a

29.73 3.0025 2.967
35.48 2.5280 2.532
42.7 2.1158 2.0993
53.56 1.7096 1.7146
56.64 1.6237 1.6158
62.76 1.4793 1.4845

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

ron oxide particles were close to standard JCPDS Fe3O4 data.
n addition, Raman spectroscopy was also employed to further
etermine the nature of oxide cores (Fig. 3). The observed spec-
rum contained the Raman bands corresponding to Fe3O4, with

small quantity of the Raman bands for hematite (�-Fe2O3)
20,21]. These results indicate that the inorganic cores were
ainly composed of Fe3O4.
Iron oxide particles synthesized at reflux are characterized

y a well-defined X-ray diffraction pattern, suggesting forma-
ion of highly crystallized nanoparticles (Fig. 2). Conversely, the
reparation performed at lower temperatures produced the par-
icles with a low crystallinity. The mean particle size of 20 nm
as deduced for the sample (Fig. 2c) by the Debye–Scherrer

ormula (mean crystallite size D = 0.9λ/B cos θ, where 0.9
s a dimensionless constant, λ = 1.5405 Å, B = broadening of
idth at the half-peak height in radians, and θ = Bragg’s

ngle) [22]. On the other hand, the samples with a nomi-
al iron oxide loading (<1 wt.%) did not display any peaks
xcept that of polymer, likely due to the small particle
izes.

To investigate the influence of synthesis parameters on the

ize and shape morphology of the particles, a factorial design of
xperiments was established using the L9(34) orthogonal table
23]. This is a three-level three-factor system, in which values
f the three levels of factors were chosen after performing a

a
t
i
s

able 2
esults of three-factor three-level designa

o. PSSLi (mg) FeCl2·4H2O (mmol) NaOH (12.5N, �L) Tem

1 150 0.1 100 0
2 150 0.2 250 r.t.
3 150 0.15 150 Refl
4 450 0.1 250 Refl
5 450 0.2 150 0
6 450 0.15 100 r.t.
7 300 0.1 150 r.t.
8 300 0.2 100 Refl
9 300 0.15 250 0

a PSSLi, FW = 5000; THF 25 mL; Ar atmosphere for 6 h.
b TGA: thermogravimetric analysis. The data in parentheses are wt.% of iron oxide
c Calculated from XRD data by the Debye–Scherrer formula.
nd Physics 101 (2007) 291–296 293

eries of trial tests. In view of its comprehensive advantages,
SSLi was selected as a matrix for this orthogonal test. The
xperimental results and factor effects are listed in Table 2. TGA
evealed the oxide content of 1.9–8.3 wt.% for these samples,
hich is slightly lower than that expected on the basis of the

eed ratios because of the inevitable loss during preparation or
andling of the materials. By a simple analysis to the data in
able 2, it can be found that the change in the amount of NaOH
ppears to have little influence on the particle size. However,
he particle size was comparatively sensitive to an alteration
f the Fe2+ feed ratio: the higher the feed ratio, the larger the
article size. This result implied that the nanoparticle size can
e adjusted by changing the feed ratio of Fe(II) irons in a certain
ange.

The morphology and distribution of Fe3O4 nanoparticles
n the hybrid composites were examined using transmission
lectron microscope (TEM). Some typical TEM images of
he oxide–PSSLi composites are presented in Fig. 4. It can
e seen that the Fe3O4 particles obtained at low feed ratio
f Fe2+ was spherical and uniform in size with diameters
f 1–2 nm (sample A4 in Fig. 4a). When the oxide content
as raised in the composite, a higher density of particles and

ggregates with larger sizes are clearly seen in Fig. 4c. For
he sample A3, the particles displayed a flake-like shape with

20 nm size (Fig. 4d), probably due to the effect of both
he more amount of precursor Fe(II) ions and elevated reac-
ion temperature. As shown in Fig. 4b, the nanoparticles pre-
ared under adequate synthetic conditions were loosely dis-
ributed within the polymer matrix. Fig. 5 depicts the corre-
ponding histogram of the size distribution obtained by mea-
uring the diameter of 200 particles. It is apparent from the
lot that the main distribution located the range between 6 and
0 nm.

.2. Magnetic properties

The magnetization of ferromagnetic materials, such as mag-
etite and maghemite, is very sensitive to the microstructure of

particular sample. If a specimen consists of small particles, its

otal magnetization decreases with particle size, due to increas-
ng dispersion on the exchange integral, and finally reaches the
uperparamagnetic state when each particle acts as a “spin”

perature (◦C) Fe3O4/composite (wt.%) (TGA)b Particle size (nm)

4.5 (4.9) 8–15
8.3 (9.3) 15–20

ux 7.1 (7.2) 19.8c

ux 1.9 (1.7) 1–2
3.1 (3.3) 3–5
2.1 (2.5) 1–2
2.3 (2.5) 3–5

ux 4.8 (4.9) 7.2c

3.4 (3.7) 5–8

expected from feed ratios.
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Fig. 4. TEM micrographs of as-prepared Fe O –composite samples: (a) A4, (b) A8, (c) A2, and (d) A3 (see: Table 2).
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ith suppressed exchange interaction between the particles [24].
ig. 6 shows the magnetization of a nanocomposite sample (A3)
s a function of applied magnetic field at room temperature. The
omposite material exhibited extremely small hysteresis loop
nd coercivity. This lack of hysteresis and coercivity is charac-
eristic of superparamagnetic particles or some single-domain
articles [25,26]. For this sample with magnetite loading of

7%, the saturation magnetization (σs) was about 6.3 emu g−1

t 30 kG. When expressed per gram of magnetite in the nanocom-
osites, σs equals ∼90 emu g−1 of Fe3O4. Apparently, the larger
istribution and smaller size of particles decreases σs consid-

t
d
t
a

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

The temperature dependence of the magnetization was mea-
ured with use of zero-field cooling (ZFC) and field cooling
FC) procedures in an applied magnetic field of 100 Oe between
and 300 K (Fig. 7). Above 50 K the magnetization decreases
ith increasing temperature in both ZFC and FC cases. At lower
emperatures the magnetization increases monotonically with
ecreasing temperature for the FC, whereas the ZFC magne-
ization passes through a maximum at ∼40 K, which can be
ssociated 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).

Fig. 6. Magnetization of PSSLi-based magnetite composite as a function of
applied magnetic field at room temperature (sample A3 in Table 2).

Fig. 7. Magnetization vs. temperature for PSSLi-coated magnetite nanocom-
posite (sample A3 in Table 2) at H = 100 Oe: (a) field cooled; (b) zero-field
cooled.
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. Conclusions

Nanometer-sized Fe3O4–composites have been successfully
repared by in situ precipitation and oxidation of ferrous ions
ithin �-functionalized polystyrene matrices in the organic
edia. By changing the Fe(II) precursor feed ratio and reaction

emperature, the particle size of in situ formed iron oxide can
e tuned in the range of 2–20 nm. The particle morphology and
rystallinity were also dependent on the synthetic parameters.
he resultant hybrid materials would be expected to have some
otential applications due to their easy availability and specially
tability in organosol state.
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