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Nano-magnetic, thermally stable iron-based composites were obtained by a one-step procedure
consisting of continuous-wave infrared laser-induced and ethylene-sensitized co-pyrolysis of gaseous
iron pentacarbonyl and hexamethyldisiloxane in argon. The simultaneously occurring formation of
iron from iron pentacarbonyl and that of organosilicon polymer from hexamethyldisiloxane yield
iron nanoparticles surrounded by an organosilicon polymer shell. The particles were characterized
by spectral analyses, electron microscopy, thermal gravimetry and magnetic measurements. They
become superficially oxidized in the atmosphere. Their composition, thermal behaviour and magnetic
properties depend on the flow rates of the precursors and the total pressure of the procedure.
Magnetization curves, exchange bias Hex at T = 5 K and AC susceptibility were studied in the
temperature range 5–400 K. The values of Hex verified the observed degree of the particle surface
oxidation. The system of the iron nanoparticles is in a ferromagnetic blocked state and the temperature
dependence of the coercivity and susceptibility is in accord with the transmission electron microscopy
data. Copyright  2005 John Wiley & Sons, Ltd.
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INTRODUCTION

Nanocomposite magnetic materials1 with magnetic species
separated by the use of a non-magnetic matrix (e.g. silicon
oxides,2 mesoporous silica,3 porous glass4 and various
polymers5 – 9) have attracted a lot of recent attention owing to
their promising applications in nanoscience and medicine.
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The incorporation of nanomagnetic particles of iron oxide
in organic polymers was achieved through static casting,10

a wet chemical approach,11 ultrasound radiation,12 in situ
oxidation of iron salts within polymer latex,13 seed pre-
cipitation polymerization in the presence of iron oxide
nanoparticles14 and also by laser vaporization of metals into
ultrafine metal and cationic particles that act as polymeriza-
tion catalysts.15 Nanomagnetic particles of iron stabilized by
polymers have been prepared by sonolysis of iron pentacar-
bonyl in the presence of poly(dimethylphenyleneoxide).16

Another approach to these materials is infrared (IR)
laser irradiation of gaseous mixtures of two volatile
compounds, which of one serves as a precursor of
iron and the other as a precursor of a polymer. This
procedure was recently documented via IR laser-induced and
ethylene-sensitized co-pyrolysis of iron pentacarbonyl and
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methoxytrimethylsilane.17 The concurrent decomposition of
iron pentacarbonyl into iron and carbon monoxide and that
of the organosilane into methylmethoxysilicone resulted in
the formation of nanosized iron-based particles covered with
organosilicon polymer.

Here, we further exploit this technique by applying it to a
mixture of iron pentacarbonyl and hexamethyldisiloxane. We
describe the spectral, thermal and magnetic properties of the
nanocomposites produced, revealing that these observations
are dependent on the flow rates of both precursors and the
total pressure of the procedure.

EXPERIMENTAL

The IR laser irradiation of gaseous iron pentacarbonyl
and hexamethyldisiloxane was conducted as described
previously,17 in a flow reactor equipped with NaCl windows
and a continuous-wave (CW) CO2 laser. Briefly, the vapours
of iron pentacarbonyl and hexamethyldisiloxane (each
diluted with ethene) together with argon (needed for gas
and particle confinement) were introduced separately into
the reaction chamber through three concentric nozzles at two
different flow rates of Fe(CO)5 –C2H4 and [(CH3)3Si]2O–C2H4

and two different total pressures (Table 1). The gas flows and
the total pressure were independently controlled by electronic
valves. The laser beam (output power 80 W, λ = 10.6 µm) was
mildly focused by an NaCl lens to achieve an energy density
of 2 kW cm−2 when crossed with the reactant flow. These
conditions yielded at least 1 g of an ultrafine black powder
after 1 h irradiation.

The black ultrafine powder obtained was transferred for
measurements of its properties by Fourier transform IR
(FTIR), Raman, electron paramagnetic resonance (EPR) and X-
ray photoelectron spectroscopies and by electron microscopy
and thermal gravimetry.

The FTIR spectra were obtained on powder in KBr
pellets using a Nicolet Impact 400 spectrometer. The Raman
spectra were recorded on a Renishaw (Ramascope model
1000) Raman microscope coupled with a CCD detector. The
excitation beam of an argon-ion laser was defocused to obtain
an energy density lower than 9 × 104 W cm−2 and to diminish
the heating of the sample. The EPR spectra were registered
on a CW X-band spectrometer with 100 kHz magnetic field
modulation at room temperature and in the presence of air.

Table 1. Experimental conditions of laser irradiation

Flow rate (sccm)
Ptotal

Run C2H4
a Fe(CO)5 C2H4

b [(CH3)3Si]2O (mbar)

1 60 4.67 30 0.95 650
2 60 7.00 30 1.39 450

a Used for dilution of Fe(CO)5.
b Used for dilution of [(CH3)3Si]2O.

Transmission electron microscopy (TEM) photomicro-
graphs on samples were recorded using a Philips 201 and
a CM 120 transmission electron microscope. X-ray pho-
toelectron spectroscopy (XPS) data were obtained with a
Gammadata Scienta ESCA 310 electron spectrometer using
monochromatized Al Kα (hν = 1486.6 eV) radiation for elec-
tron excitation. The energy scale of the spectrometer was
calibrated with Au 4f7/2 binding energy fixed at 84.0 eV. The
high-resolution spectra of Fe 2p, Si 2p, C 1s and O 1s photo-
electrons were measured for an as-received sample and after
mild argon-ion sputtering (E = 5 keV, I = 40 µA, t = 5 min).
The ratios of atomic elemental concentrations were calculated
assuming a homogeneous sample.

Thermogravimetric analysis of the solid deposit (sample
weight 24 mg) was carried out by heating the sample up to
700 ◦C at a rate of 4 ◦C min−1, using Cahn D-200 recording
microbalances in a stream of argon.

Magnetization studies on the powder samples were
performed in the temperature range 5–400 K using a
SQUID magnetometer (MPMS-5S, Quantum Design). The AC
susceptibility in a zero static magnetic field was measured at
a frequency of 0.3 Hz with the exciting AC magnetic field set
at 3.9 Oe.

Iron pentacarbonyl, hexamethyldisiloxane, ethene and
argon (purity 99.9%) were purchased from Aldrich.

RESULTS AND DISCUSSION

CW CO2 laser irradiation of the flow of hexamethyldisilox-
ane–iron pentacarbonyl–ethylene–argon mixtures results in
efficient absorption of the laser radiation and heating of
the mixture. The visible luminescence (flame) observed in
a limited volume near the intersection of the laser beam
with the inlet gas flow confirms the occurrence of elec-
tronically excited states. The laser decomposition of both
hexamethyldisiloxane and iron pentacarbonyl is chiefly based
on the excitation of ethylene (IR photosensitizer18) and a col-
lisional energy transfer between the excited ethylene and
these compounds. It takes place in a small and well-confined
irradiation volume and results in the formation of gaseous
products and black ultrafine powders. The CO2 laser decom-
position of both components was studied: that of Fe(CO)5

results19 – 23 in the formation of elemental iron along with
carbon monoxide, whereas that of hexamethyldisiloxane
occurs24,25 via (i) primary cleavage of the Si-C and C-H bonds
and (ii) subsequent splits of the Si-O bonds in intermediate
products. The latter decomposition yields methane, ethene,
ethane, ethyne and methylsilanes, together with a solid poly-
oxocarbosilane, whose formation was accounted for in terms
of polymerization of transiently produced silicon-centred rad-
icals and silanones.26 The main plausible reactions yielding
clusters of elemental iron and agglomerates of the organosil-
icon polymer are illustrated in a simplified Scheme 1.

The simultaneous formation of the both final products
creates conditions for production of an iron–polymer
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Scheme 1.

Table 2. Laser synthesis of ultrafine powders

XPS analysis
BET Average pore

Run Before Ar-ion sputtering After Ar-ion sputtering Fe (wt%) surface (m2g−1) diameter (nm)

1 Si1.00C1.38O1.62Fe0.16 Si1.00C0.68O1.39Fe0.32 32 94.2 8.0
2 Si1.00C2.54O3.26Fe0.83 Si1.00C2.57O2.65Fe4.15 76 51.5 8.1

composite. The analyses of the black powders obtained at
the two different flow rates of hexamethyldisiloxane and iron
pentacarbonyl (and different total pressures, Table 1) show
that some properties of the composites (Table 2) depend
on these parameters. The composite from run 1 contains
less iron (is richer in organosilicon polymer) and has a
higher BET surface area than that from run 2. (We note that
both BET values resemble those observed for nanostructured
polyoxocarbosilane27 and polyborocarbosiloxane28 powders
prepared by similar laser-induced procedures.)

Spectral properties
The X-ray photoelectron spectra of the superficial layers
reveal that both powders have similar features. The spectra
of the silicon (2p) electrons can be decomposed into two
components (at 102.2 and 103.4 eV) and resemble those
of ultrafine polyoxocarbosilane powders obtained by laser
decomposition of hexamethyldisiloxane.25 The carbon (1s)
spectra can be deconvoluted into components at 284.8,
286.7 and 289.2 eV, which are assignable28,29 to CHx, C–O
and O C–O moieties. The iron (2p) spectra reveal29,30 the
presence of two chemical states of iron, i.e. that of Fe0

(707.5 eV) and Fe3+ (Fe2O3, 711.5 eV). The mild ion sputtering
leads to a significant increase of total iron concentration
(Table 2) and to an increase in concentration of the elemental
iron (Fig. 1). This finding is consistent with elemental iron
being present mostly in inner layers and Fe2O3 occurring in
outer layers.
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Figure 1. X-ray photoelectron spectra of the powder from run
2 before (a) and after (b) ion sputtering.

The Raman spectra of both powders in the different regions
examined show a bundle of bands at 223, 289, 409 and
1316 cm−1 and a broad band at 690 cm−1 that are respectively
assignable31,32 to α- and γ -Fe2O3.

The FTIR spectra of both powders show a typical pat-
tern of polyoxocarbosilanes (Fig. 2) and consist of bands
at 2960–2860 cm−1 and ∼1030 cm−1 that correspond to the
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Figure 2. FTIR spectra of the powder from run 1 (a) and run
2 (b).

ν(C–H) and ν(SiOSi) stretching vibrations. The higher rela-
tive absorbance of the ν(C–H) band and the occurrence of the
δ(CHx) band at 1260 cm−1 for the powder from run 1 (but not
for that from run 2) indicates that it has more abundant C–H
bonds.

The EPR spectrum of the powder from run 1 shows a
single line with g-factor 2.122 and a line width 95.06 mT.
The total concentration of paramagnetic centres amounts
to 2.2 × 1023 per gram and exceeds the possible theoretical
limit (for ‘high spin’ 58Fe it amounts 4.08 × 1022 spins per
gram). Such discrepancy hints at interaction between spins,

probably in superparamagnetic form.33 The EPR spectrum of
the powder from run 2 shows a featureless monotonic drift of
baseline with increasing magnetic field and may be explained
by ferromagnetic34 interactions.

Electron microscopy
TEM images (Fig. 3) are compatible with cross-linked chains
of ∼20–50 nm in diameter which appear together with balls
of ∼20–100 nm in size (run 1) and with rather uniform
∼20–30 nm diameter cross-linked chains (run 2). The balls
consist of dark cores and a lighter shell phase that can be
respectively attributed to elemental iron and a blend of iron
oxide and polyoxocarbosilane. The balls in the powder from
run 1 show a different thickness of the lighter shell (balls
designated A and B in Fig. 3c). Conversely, the core–shell
parameters in the narrow cross-linked chains do not vary and
are similar, as illustrated in Fig. 3d.

Thermal properties
The thermal behaviour of the powders was examined up to
700 ◦C (Fig. 4). Both powders are rather stable and lose about
12% of their weight. This indicates that the powder from run
2 (possessing more iron) releases a greater fraction of the
organic shell, implying that the organic shell in this powder
is less stable.

The gaseous products observed are methane (main prod-
uct), ethene and ethyne (traces). An interesting effect of the
iron content on the progress of evolution of methane was
observed (Fig. 5): the powder from run 1 (with the lower

(a) (b)

(c) (d)

Figure 3. TEM images of the powder from run 1 (a, c, d) and run 2 (b).
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Figure 4. Thermal decomposition of the powder from run 1
(a) and run 2 (b).

Table 3. Magnetic properties of the powders

m0 (emu g−1) Hc (Oe)
Hex

Run 5 K 300 K 300 K (Fe) 5 K 300 K (5 K) (Oe)

1 25.3 21.7 67.8 1025 77 230
2 98.3 83.7 114.7 1830 423 110

amount of iron) yields methane mostly at higher temperature
(600 ◦C), whereas that from run 2 (with the higher amount
of iron) liberates methane mostly at lower temperatures
(200–400 ◦C). The degradation of the larger fraction of the
polymer shell and the earlier evolution of methane observed
for the powder from run 2 can be explained by a catalytic
effect of more abundant iron. The polymeric shell formed in
run 2 contains less C–H bonds (FTIR spectra, Fig. 2); there-
fore, it is plausible that it will be more stable than the shell
formed in run 1.

Magnetic properties
The magnetic state of the samples was characterized using the
measurements of the magnetization curves, hysteresis loops
and AC susceptibility in the temperature range 5–400 K.
These measurements yielded information on the saturation
magnetization m0 and coercivity Hc at different temperatures.
(Table 3). In addition, we determined the exchange bias Hex at
T = 5 K by comparing the hysteresis loops measured in zero-
field-cooled (ZFC) and field-cooled (FC) regimes between 300
and 5 K. A non-zero exchange bias indicates the presence of
an iron oxide shell surrounding the iron particle.35,36 In our
case, the measured values of Hex are similar to those reported,
when the surface oxidation of the nanoparticles was due
only to the exposure to the atmosphere.36 A relatively larger
content of oxides for sample run 1 is probably related to a
larger number of small iron particles (Fig. 3).

In Table 3 we give the saturation magnetization m0(Fe)
(300 K) per weight unit of iron evaluated from the relation
m0(Fe) = m0/p, where p is the weight fraction of iron
from Table 2. This value is smaller than 164.5 emu g−1

corresponding to the bulk iron37 as a consequence of effects
at the surface of the particles.38
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Figure 5. Concentration of methane as evolved at different
temperatures from the powder from run 1 (a) and run 2 (b).
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Figure 6. Coercivity as a function of (a) temperature and
(b) T1/2.

A very interesting comparison of both samples can be
performed in analyzing the temperature dependence of the
coercivity (Fig. 6a). It is known that for non-interacting single-
domain particles Hc can be expressed as39

Hc = Hc(0)[1 − (T/TB)1/2] (1)

where TB is a blocking temperature and Hc(0) the value of Hc

for T approaching zero. If we plot Hc as a function of T1/2,
the straight-line character of this dependence (Fig. 6b) shows
that only for the powder from run 2 can the experimental
data be approximated by Eqn (1). In this case we obtain the
parameters TB = 477 K and Hc(0) = 2030 Oe. At first sight this
result seems to be unclear, since the powder from run 2 has a
larger iron content, which leads to an interaction between iron
particles. The explanation of this behaviour can be found by
inspecting the results of the electron microscopy analyses. The
diameters D of the iron particles from the powder from run
1 were estimated to be between 20 and 100 nm, whereas for
the powder from run 2 there is a rather uniform distribution
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Figure 7. Real (a) and imaginary (b) parts of the AC
susceptibility measured at f = 0.3 Hz with an exciting field
of 3.9 Oe.

between 20 and 30 nm observed. Equation (1) was derived for
a TB corresponding to a definite core diameter D and cannot
be applied to the complicated case of a distribution existing
for sample run 1. In our case, evidently, this fact played
a more important role than the influence of inter-particle
interactions.

Note now the temperature dependence of the real and
imaginary components of the AC susceptibility χ (Fig. 7a and
b). For the powder from run 1 we observe a wide plateau
between 190 and 320 K with a decrease of χ ′ towards higher
temperatures and an interesting course of the imaginary part
χ ′′ with two maxima at 121 and 305 K. On the other hand, both
components of the susceptibility for the powder from run 2
increase with increasing temperature. A more complicated
behaviour of the susceptibility for the powder from run 1
can be understood by referring to a wide distribution of
the particle diameters f (D). In Fig. 3, we can, for example,
see nanoparticles with approximate core diameters of 15,
22.5, and 75 nm. The occurrence of the two maxima in the
dependence χ ′′(T) for the powder from run 1 suggests, then,
the possibility of the distribution f (D) having two maxima.
Let us recall that the largest particles are certainly in a
multidomain state,39 which manifests itself in large values
of the imaginary component χ ′′ (domain-wall motion). In
contrast to this, for the powder from run 1, smaller particles
(e.g. 15 nm) can have their blocking temperatures below room
temperature40 and, being superparamagnetic, they may cause
a decrease of the real component χ ′ observed for T > 320 K.

CONCLUSIONS

Continuous-wave IR laser-induced and ethylene-sensitized
co-pyrolysis of gaseous iron pentacarbonyl and hexamethyl-
disiloxane in argon is shown as an efficient method

for production of iron nanoparticles enveloped with a
polymeric polyoxocarbosilane shell. The outer layers of these
nanocomposites become partially oxidized upon contact
with air and change into Fe–Fe2O3 (coreshell) nanobodies
surrounded with polyoxocarbosilane. Such behaviour is
indicative of incomplete coverage (protection) by the
polymeric shell, or of a porous structure to the polymer.

Spectral and electron microscopy analyses of the nanocom-
posites obtained at two different flow rates of iron pentacar-
bonyl and hexamethyldisiloxane and different total pressures
reveal differences in structure, thermal behaviour and mag-
netic properties. The iron-rich nanocomposite (which is
poor in polyoxocarbosilane) has a rather uniform size of
nanochains, whereas the iron-poor nanocomposite (which is
richer in polyoxocarbosilane) contains both nanochains and
nanoballs of various sizes. The organosilicon polymer shell in
the former contains less C–H bonds. The thermal behaviour
of both composites is characterized by a two-stage evolution
of methane, but both stages are of different significance in
each of them.

In the whole temperature region 5–400 K, both nanocom-
posites were found to be in a ferromagnetic blocked state
with a minor superparamagnetic contribution of the smallest
nanoparticles in the iron-poor nanocomposite. The exchange
bias measured corresponds to the surface oxidation of the
particles due to the atmosphere. For the iron-rich nanocom-
posite, blocked iron particles are single domain, whereas
some of the large particles are in the multidomain state for
the iron-poor nanocomposite. The behaviour of the coercivity
and susceptibility was found to be in agreement with the
results of the electron microscopy analysis. In particular, the
temperature dependence of Hc for the nanocomposite rich
in iron suggests the presence of single-domain particles with
a blocking temperature of 477 K, and the AC susceptibility
shows the possibility of a complicated distribution function
f (D) exhibiting two maxima.
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