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The IR laser irradiation of a gaseous mixture of iron pentacarbonyl-methoxytrimethylsilane—ethene

in argon induces ethene-photosensitized decomposition of iron pentacarbonyl into elemental iron and

decomposition of methyltrimethoxysilane into species that polymerize into methylmethoxysilicone.
These two concurrent gas-phase processes allow formation of iron—iron oxide/methylmethoxysilicone
nanocomposite. Spectral analyses and electron microscopy reveal the nanocomposite as consisting
of iron clusters oxidized in outer layers and covered with the organosilicon polymer. The procedure
shows its potential for gas-phase synthesis of iron-based clusters embedded in a polymer matrix.
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INTRODUCTION

There is continuing interest in hybrid organic-inorganic
materials! and incorporation of small metal and metal-
based particles into inorganic and polymeric matrices.?
This is motivated by the unique properties and promising
applications of these materials. One of the interesting
classes of these materials is magnetic nanocomposites, which
are comprised of a magnetic and a nonmagnetic species
and in which the magnetic properties can be tailored by
means of composition and processing variables.> These
nanocomposites were produced by incorporating different
metals or metal oxides in inorganic (e.g. silicon oxide*
porous glass,® mesopouros silica®) and organic (different

7—12)

polymeric matrices.
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The incorporation of magnetic iron oxide (Fe,O3) nanoclus-
ters into organic polymers has been achieved through static
casting,’® by a wet chemical approach,’* using ultrasound
radiation,'® by in situ oxidation of iron salts within polymer
latex,'® by seed precipitation polymerization in the presence
of iron oxide nanoparticles'”!® and also by laser-vaporization
of metals into ultrafine metal and cationic particles that act as
polymerization catalysts.! Also, zero-valent iron nanoparti-
cles stabilized by polymers have been prepared by sonolysis
of a solution of iron pentacarbonyl (Fe(CO);) in anisol in the
presence of poly(dimethylphenyleneoxide).?’

IR laser-induced and sulfur hexafluoride (SF4)- or ethene
(C,H,)-photosensitized gas-phase decomposition of Fe(CO);
is well known for its potential to serve for chemical vapour
deposition of nanostructured iron?'~% or, when carried out
in the presence of air or N,O, for chemical vapour deposition
of iron oxide (Fe;O3)**~?® particles.

This technique has not yet been applied successfully to
chemical vapour deposition of iron (or Fe,Os;)—polymer
nanocomposites, although concurrent UV laser-induced gas-
phase decomposition of an organometallic compound to
metal clusters and polymerization of a monomer has been
documented.” Thus, IR laser irradiation of gaseous mixtures
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of silane and Fe(CO); does not result in dehydrogenative
coupling of transient silylene (leading to polysilene),
but instead yields silicon-iron powders;**3! similarly, IR
laser irradiation of gaseous Fe(CO);—SF;—silacyclopent-3-ene
(polymer precursor) yields Fe(CO)-containing unsaturated
polymer.*?

Successful IR laser gas-phase synthesis of iron or
(Fe,O3)—polymer nanocomposites must involve (i)a com-
plete removal of CO ligands from Fe(CO); and (ii) a concur-
rent polymerization of suitable volatile organic monomer. The
reaction temperature in the IR laser pyrolysis often exceeds
700-800 °C. This temperature is considerably higher than that
required for the decomposition of Fe(CO); (around 350 °C??),
but is very feasible for degradation (carbonization) of com-
mon polymers. The technique may thus seem of limited value
for synthesis of iron—polymer composites.

Some of our previous studies on UV and IR laser-
induced chemical vapour deposition of alkylsilicone
polymers**~¥ have shown these polymers to be ther-
mally superior materials and to be able to withstand
temperatures up to 800°C.3%-% Our previous findings
thus allow us now to report that IR laser irradiation
of a gaseous pentacarbonyl-C,H,—(methoxy)trimethylsilane
((CH3)3SiOCH3) mixture leads to synthesis of ultrafine
iron—iron oxide/organosilicon polymer nanocomposite that
is obtained due to simultaneous formation of iron clus-
ters from Fe(CO); and of organosilicon polymer from
(CH3)3SiOCHj3. The characterization of the powders by a
number of techniques is in line with superficial oxidation
of iron clusters that are embedded into the organosilicon
polymer.

EXPERIMENTAL

The experimental set-up (Fig. 1) consisted of a flow reactor
equipped with NaCl windows and a continuous-wave (c.w.)
CO; laser. The vapours of Fe(CO); and (CHj3)3SiOCHj5 (each
diluted with C,H,) together with argon (needed for gas
and particle confinement) were separately introduced into
the reaction chamber through three concentric nozzles at a
total pressure 520 mbar. The flow rates of Fe(CO);—C,Hs,,
(CH3)3Si10CH;3-C,Hy, argon admitted to the reactor centre
and argon introduced to the windows were 85 sccm, 30 sccm,
1100 sccm and 250 sccm respectively. The laser beam (output
power 90 W, 1 = 10.6 pm) was mildly focused by an NaCllens
to achieve an energy density of 2.2 kW cm™> when crossed
with the reactant flow. These conditions gave 0.38 g of an
ultrafine black powder on a filter after 30 min irradiation.

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

The FTIR spectra were obtained on powder in KBr pellets
using a Nicolet Impact 400 spectrometer.
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Figure 1. Scheme of experimental set-up.

The Raman spectra were recorded on a Renishaw (a
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
4 x 10° W cm™? and to diminish the heating of the sample.

The EPR spectra were registered on a cw. X-band
spectrometer at room temperature at a microwave power
level of 1 mW and with 100 kHz modulation of 0.115 mT.

Scanning electron photomicrographs were obtained using
a Philips XL30 CP scanning electron microscope and
transmission electron photomicrographs on samples were
recorded by using a Philips 201 and CM 120 transmission
electron microscopes.

X-ray photoelectron spectra were measured with a
Gammadata Scienta ESCA 310 electron spectrometer using
monochromatized Al Ko (hv = 1486.6 eV) radiation for
electron excitation. The energy scale of the spectrometer was
calibrated with Au 4f;, binding energy fixed at 84.0eV.
The high-resolution spectra of Fe 2p, Si 2p, C 1s and O
1s photoelectrons were measured for an as-received sample
and after mild Ar* ion sputtering (E = 6 keV, I =10 A,
t =3 min). The ratios of atomic elemental concentrations
were calculated assuming a homogeneous sample.

Thermogravimetric analysis of the solid deposit (sample
weight 33 mg) was carried out by heating the sample to
700°C at a rate of 4°C min~', using Cahn D-200 recording
microbalances in a stream of argon. The sample residue was
analysed in a KBr pellet by FTIR spectroscopy.

Fe(CO);5, C;H,4 and argon (purity 99.9%) were purchased
from Aldrich and (CH3)3SiOCHj (better than 95% purity) was
from laboratory stock.

RESULTS AND DISCUSSION

The c.w. CO; laser irradiation of the Fe(CO);—-C,Hy—(CHs);
SiOCH;—-Ar mixture was accompanied by the occurrence
of a clear white flame observed above the nozzle intro-
ducing the gaseous mixture and by the occurrence of the
gas-phase formation of a black powder that was carried
out vertically and trapped and accumulated on the filter.
This laser synthesis technique, known as laser pyrolysis, -4
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is based on the excitation of C,H, and collisional energy
transfer between the excited C,H; molecules and non-
absorbing molecules of Fe(CO); and (CHj3)3SiOCHj3, which
both being enriched in energy undergo decomposition.
These decompositions occur in a small, well-confined irra-
diation volume, defined by the intersection of the laser
beam with the inlet gas flow, and have different courses.
The IR laser decomposition of Fe(CO); results?’~® in the
formation of elemental iron and CO, whereas the decom-
position of (CHj3)3;SiOCH; proceeds® via initial cleavage
of the Si—-C and O-C bonds to produce dimethylsilanone
transients which then yield* into methylsilicone polymer.
These steps, as well as cleavage of the C-H bonds and
the recombination of the thus-produced carbon- and silicon-
centred radicals, are plausible reactions.®-*! These reac-
tions (Scheme 1) are known®-#4 to yield organosilicon
polymers incorporating both —Si(CHj),-O-5i(CH3),— and
-5i(CHj3),—CH,-5i(CHj3), - linkages (respectively referred in
Scheme 1 to as methoxymethylsiloxane and methoxymethyl-
carbosilane structures).

Thelaser heating of the Fe(CO); -C,H;—(CHj3)3SiOCH; - Ar
mixture thus induces formation of elemental iron and methyl-
methoxysiloxane/carbosilane polymer, both of which com-
bine to form a composite. These inferences are in line with
analyses of the solid material presented below.

The FTIR spectrum of the black powder (Fig. 2a) consists
of absorption bands typical”’ for methyl(methoxy)siloxane
structures (at 1037, 1064, 1115, 1166 and 2918 cm 1) containing
Si-OCHj; groups (vc_p at 2849 cm™! and vc_o-s at above
1100 cm~') and possibly Si—CH,-Si moieties (1035 cm™').*8
The latter moieties would indicate that (CHj3)3SiOCH3 also
decomposes via C—H bond splits and recombination of silicon
and carbon-centred radicals (Scheme 1). The spectra do not
show any absorption bands of iron oxide (Fe,O; bands at
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Figure 2. FTIR spectrum of black powder before (a) and after
(b) heating to 800°C.

550-700 cm~1),* which could be due to a low occurrence of
Fe, 05 and/or the low relative absorptivity of these bands.

The Raman spectra of the black powder obtained for
different micro-regions (Fig.3) show different patterns,
revealing that the material is not completely homogeneous.
They display bands characteristic®~* of «-Fe,O; (bands
1-3,4 and 7 at 217-221 cm™!, 281-287 cm™!, 391-405 cm ™!,
483-494 cm™! and 1315 cm™! respectively) and of y-Fe,O;
and/or Fe;O, (bands 3, 5 and 6 at 391-405 cm~!, 600 cm™!
and 670 cm™! respectively). In addition, the spectra reveal a
band corresponding to disordered carbon (band 8). We judge
that the carbon originates from a very minor decomposition
of C2H4 .

X-ray photoelectron spectra taken before and after ion
sputtering are consistent with the stoichiometry of superficial
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Scheme 1. Decomposition steps in the irradiated mixture.
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Figure 3. Raman spectra of black powder for different
micro-regions.

layers equal to Sij0O366Cio5Feges and Sij9O365Ci23Fes 20
respectively. They reveal that most of the iron is present
in two chemical states (Fig. 4), i.e. elemental iron (Fe 2p, 2
binding energy 707.0 £ 0.2 eV)* and Fe;O; (Fe 2p; , binding
energy 711.2 4 0.2 eV).* The mild ion sputtering results in
a significant increase of total iron concentration and in an
increase of the elemental iron from 6 to 16%. Simultaneously,
the signal of the iron oxide constituent is shifted to lower
values (709.9 £0.2eV) and contains a satellite structure
characteristic® of Fe**. The spectra of C 1s electrons of the
sputtered sample show that about 40% of carbon is present
in the carbidic state. The iron carbide is likely produced in
chemical reaction induced by argon ion irradiation. The Si
2p core-level binding energy, 102.2+0.2 eV, is consistent®
with silicon contained in polysiloxane [-Si(C,H,),-O-],
structures. The X-ray photoelectron spectra measured are
thus fully consistent with an iron component having an Fe"
core, which becomes progressively oxidized as one moving
from the inner to the outermost layers, and which is covered
with an organosilicon polymer layer <10 nm thick.

Scanning electron microscopy analysis reveals that the
powder consists of compact agglomerates that are formed
by fluffy structures (Fig. 5). The electron diffraction pattern
(Fig. 6a) reveals interlayer distances at 2.59. 2.09, 1.75, 1.54
and 1.50 A, which is in keeping with crystalline maghemite,
and haematite Fe;,O; and a-Fe phase. Transmission electron
spectroscopy images (Fig. 6b—d) are compatible with cross-
linked chains of ca 20 nm in diameter that are formed by
iron/iron oxide particles, several nanometers in size, coated
with organosilicon polymer (Fig. 6c).

The significant oxidation of iron nanoparticles proven by
Raman and photoelectron spectra can be explained in terms
of incomplete coverage of the iron cores by the polymer, or
by complete coverage with a porous polymeric shell. In both
cases the iron particles will be easily oxidized when exposed
to atmosphere.

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 4. X-ray photoelectron spectrum of black powder
before (1) and after (2) argon-ion sputtering.

Thermogravimetric analysis of the powder revealed
its high thermal stability. Thus, the powder heated to
700°C liberates methane and ethyne (1.7% and 0.1% of
total weight respectively) and its weight remains virtually
unchanged. This thermal behaviour is compatible®* with
the superior thermal stability of alkysilicones laser-prepared
from disiloxanes and alkoxysilanes. A small modification of
the FTIR spectral pattern upon this heating (Fig. 2b) is in line
with minor structural changes within the polymer skeleton.

We remark that the material obtained is interesting because
of its magnetic properties, since it represents a magnetic
nanocomposite comprised of magnetic and nonmagnetic
species whose properties can be tailored by means of
composition and processing variables.” The nanocomposite
material obtained can also find important use in sensor
applications. Iron oxides have recently been found to be
promising candidates for a new generation of gas sensors
with high sensitivity and specific selectivity,®®=% and their
properties can be considerably enhanced in nanostructured
systems, leading to increased specific surface.

More work is under way to explore the possibility of
synthesis of iron particles that are completely covered and
stabilized within the polymer core.

CONCLUSIONS

Nanocomposite iron-iron oxide/organosilicon polymers
were prepared for the first time by IR laser-induced
and C,Hy-photosensitized co-decomposition of Fe(CO); and
(CH3)3Si0CHj3. The procedure allows concurrent gas-phase
formation of iron nanoparticles and of efficiently polymeriz-
ing organosilicon transients. It shows great potential for the

Appl. Organometal. Chem. 2004; 18: 337342
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Iron—iron oxide/methylmethoxysilicone nanocomposite

Figure 6. Electron diffraction image (a) and transmission electron microscope images (b)—(d) of the powder. Magnification:

(b) 100000x; (c) bar = 20 nm; (d) bar = 10 nm.

gas-phase synthesis of iron-based clusters embedded in an
organosilicon polymer matrix.

The nanocomposite undergoes oxidation when exposed to
air and it can be described as an organosilicon polymer with
embedded iron nanoparticles having a zero-valent iron core
and increasing content of iron oxides when going from the
inner to outermost layers. The material obtained is interesting
in view of its potential to act as a very sensitive gas sensor.
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