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Abstract

Thermal behaviour of Fe-based (Fe/Bg core)—polyoxocarbosilane (shell) nanocomposites, prepared by laser-induced co-decomposition of
iron pentacarbonyl and hexamethyldisiloxane in the gas phase, was examined by using TGA technique. The thermal decomposition of the polym:
shell of the nanocomposite is revealed as a two-stage (low- and high-temperature) evolution of methane. The importance of the low-temperatu
stage increases and that of the high-temperature stage decreases with increasing amount of,@edeeéSe The results represent the first
thermal data related to nanocomposite metal/polymer system and are explained in terms of heterogeneous catalysis of the polyoxocarbosila
decomposition by the Fe/F®@; core.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction We have recently reported that IR laser ethylene-sensitized

heating of gaseous iron pentacarbonyl-hexamethyldisiloxane
Iron- and iron oxide-based nanocomposite materials witj22,23] (or methoxytrimethylsilang24]) results in the forma-

iron or iron oxide nanoparticles separated by differentinsulatingion of nanosized iron-based particles that are covered with

media as porous gla$s], mesoporous silic§?], silicon oxide  organosilicon polymer and which become superficially oxidized

[3] and various polymergl—7] have been of great interest due to Fe&O3 through incomplete protection by or porous structure

to their superparamagnetic properti@sand potential applica- of the surrounding polymer. Having been produced at high-

tions in medical diagnostic technologi10]and sensors and temperatures and incorporatifg-e03 (anda-Fe03) in the

actuators systenjé1-14]. outer core phase, these nanocomposites show ferromagnetic and

The nanosized particles of iron stabilized by polymers weresuperparamagnetic properties and high specific surface area and

prepared by sonolysis of iron pentacarbonyl in the presencean be therefore promising as nanostructured magnetic ceramics

of poly(dimethylphenyleneoxidgL5] and those of iron oxide [25] and high-temperature gas senddg).

embedded in organic polymers were prepared by static cast- These materials can also serve as an interesting model for

ing [16], ultrasound radiatiofl. 7], wet chemical approadii8],  examination of the effect of the Fe/ s core on the decompo-

seed precipitation—polymerization in the presence of iron oxidsition of the polymeric shell. Conventional thermal degradation

nanoparticleg19], in situ oxidation of iron salts within poly- of polymers is, in principle, affected (e.f26]) by ubiquitous

mer latex{20], and laser-induced formation of cationic particles heterogeneous, surface-catalyzed steps, whose real importance

acting as polymerization catalygl]. was recently manifested through achieving decomposition of
several polymers upon irradiating them by using IR lasers (e.g.
[27—29]). The examination of the organosilicon polymer degra-
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Fe(CO)s — decomposition of disiloxang80], difficult because of its elec-

COp laser trostatic charge.
——> Fe clusters and polyoxocarbosilane

CoHy sensitizer

+

[(CH3)3Si,0—— 2.2. Thermal analysis

Scheme 1.
cheme Thermal analysis of the Fe/polyoxocarbosilane nanocompos-
ites (sample weight (12—20 mg) was carried out by heating the

and feasibility of the decomposition of the polymer shell, butsamples up to 75(0 at the ratg of 4C/min using Cahn D-
also verify the presumed thermal stability and hence potentia"f00 recording microbalances in a stream of argon (flow rate

of these nanocomposites for their use as high-temperature seh20 MI/min). The composition of the outgoing gas was analyzed
SOrS. by an automatic sampling gas chromatograph Hewlett-Packard

In this work we extend our previous results on laser-synthesi$©>890 equipped with FID and TCD detectors and Porapak P
of Fe/FeOs (core)—polymer (shell) nanocompositiz2—24] packed column (i.d. 2mm, length 2 m) and by mass spectrome-

and report on thermal behaviour of these materials. ter (a VG GAS Analysis Ltd., spectrometer) running in multiple
ion monitoring mode (selection of 16 specific ions displayed as a

time-dependent plot). The quantification of the chromatographic

data was made using streams of argon mixed with amounts of
. authentic samples as controlled by mass flow AFC 2600 con-

2.1. Materials i

trollers (Aalborg instruments Inc.).

2. Experimental

The black nanosized composites possessing Fe core (having
Fe;Os in outer layers) embedded in polyoxocarbosilane were?-3. Physical methods used for characterization of
produced by IR laser irradiation of gaseous iron pentacarbonytiaterials
and hexamethyldisiloxane&s¢heme 1) as described elsewhere
[22]. The laser-produced nanocomposites and the materials
Briefly, the vapors of iron pentacarbonyl and hexamethyl-obtained from them after heating to 73D were character-
disiloxane (each diluted with ethene) together with argonzed by X-ray photoelectron (XPS) and FT-IR spectroscopy and
(needed for gas and particle confinement) were separateff@nsmission electron microscopy. _
introduced into the reaction chamber through three concen- X-ray photoelectron spectra (XPS) were measured with a
tric nozzles at different flow rates of Fe(Gfl§,H4; and Gammadata Scienta ESCA 310 electron spectrometer using
[(CH3)3Si],0/CH4 and different total pressures (Table 1). monochromatized Al K¢hv=1486.6 eV) radiation for electron
The flow rates of Fe(CQ@JCoHa, [(CHs3)3Si20/CoHs — €XCitation. The energy scale of the spectrometer was calibrated

and Ar were controlled by PTFE valves and mass flowWwith Au 4f72 binding energy fixed at 84.0 eV. The high resolu-
controllers. tion spectra of Fe 2p, Si 2p, Si 2s, C 1s and O 1s photoelectrons

The laser beam (output power 80 W=10.6um) mildly ~ Were measured for asample as received. The ratios of atomic ele-
focused to achieve an energy density of 2 kWJevhen crossed mental concentrations were calculated assuming homogeneous
with the reactant flow enabled to yield ca. 1 g of an ultrafine blaciample.
powder after 1 h irradiation. The experimental conditions of the The FT-IR spectra (a Nicolet Impact spectrometer) were
nanocomposites synthesis are givefable 1. taken for materials in a KBr pellet.

The black fine powders are easily handled except for that TEM photomicrographs on samples scrubbed from the reac-
obtained in Run 1, whose manipulation is, similarly to ultra-tor surface and held with a copper grid were obtained using a
fine polyoxocarbosilane powders produced by IR laser-inducefhilips 201 transmission electron microscope.

Table 1

Experimental conditions for synthesis of and Fe content in the nanocomposites

Run Flow rate (sccm) Piota® (Mbar) Wt.% of Fe in nanocomposﬁe
CoHy® Fe(CO} CoHyd [(CH3)3SI]20

1 60 4.67 30 0.95 650 32

2 60 5.60 30 1.13 550 45

3 60 7.00 40 1.39 450 63

4 60 7.00 50 1.39 450 65

5 60 7.00 30 1.39 450 73

6 60 7.00 30 1.39 450 76

2 Fe(CO} + [(CH3)3Si]20 + ethene + Ar.
b Elemental analysis.

¢ Used for dilution of Fe(CQ)

d Used for dilution of [(CH)3Si]20.
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(c)

Fig. 1. Typical TEM images of Fe/E©s/polyoxocarbosilane nanocomposite (the examples given relate to Run 4).
3. Results and discussion 3.2. Thermal decomposition of nanocomposites

3.1. Structure of initial nanocomposites The heating of the Fe-based (core)-polyoxocarbosilane
(shell) nanocomposites (Table 1) to 78D does not lead to
The structure of the nanocomposites differring by the contenany change of their appearance — the powders remain easily
of Feinthem (Table 1) corresponds to agglomerated chains of chandled and retain their black color and TEM images (Fig. 2).
20-100 nm in diameter (Fig. 1), which consist of dark cores and Thermograms of the samples reveal that the powders sta-
alighter shell phase, respectively, attribuite8] to the elemental  bility remarkably depends on the Fefgg content in them
iron/iron oxide and polyoxocarbosilane. (Fig. 3). The polymer shells in the powders with Fe content
Although their X-ray photoelectron spectra reveal small dif-32 and 45wt.% decrease their weight by ca. 15wt.% only,
ferences in the abundance of O and C in their superficial laywhereas those in the powders with Fe content 63 and 65 wt.%,
ers, the bulk composition indicated by the FT-IR spectra igespectively, deplete by ca. 35 and 45wt.%, and those in the
rather similar. The FT-IR spectra of all samples show typi-powders possessing 73 and 75 wt.% Fe decrease their weight by
cal pattern[30,31] of polyoxocarbosilanes containing contri- almost 60 and 65%. Although these differences can be to some
butions of y(Si-HO—X, X =Si, C) at 980-1180 cm!, v(C—H) extent related to slight differences in structure and H content of
at 2850-2960 cmt, and v(C=C) at ~1630cnt!. The rel- the polymer shell, they clearly manifest that the polymer shell
ative absorbance of the(C—H) and v(Si-O—X) band, the degradation is enhanced with higher content of the R&ge
Ac-H)/Asi-o-x) ratio decreases going from Run 1 to Run 6 component (Fig. 4).
(0.32 (Run 1) 0.11 (Run 2), 0.08 (runs 3 and 4) and 0.05 (runs 5 We assume that the weight decrease at around®@08
and 6)), which indicates that the lower Fe content correspondskely due to desorption of traces of omnipresent water. That at
to more abundant-€H bonds. higher temperatures is very mostly due to evolution of methane.

Fig. 2. TEM images of TGA-treated Fe/f@s/polyoxocarbosilane nanocomposite from runs 4 (a) and 6 (b).
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Fig. 5. Evoluton of methane in thermal decomposition of

Fig. 3. Thermograms of the Fe/ff@s/polyoxocarbosilane nanocomposite pow- Fe/polyoxocarbosilane nanocomposites produced from Run 1 (O), 2
ders obtained from runs 1-6. (The numbers correspond to run designation {fJ), 3 (0), 4 (¢), 5 (x) and 6 @).
Table 1.)

10-20 cn1l) shift of the intense(Si-O—X, X = Si, C) band

The other observed products are ethane, hydrogen, methylsilal(% ) - :
higher wave numbers. Such changes in linear siloxanes relate

and carbon oxides. Except for ethane (ca. 8 mol% of methan Ao d , e b hi . : ber of O
evolved in the thermal degradation of the nanocomposite fro ] tob ecgezs;mg.lslze, ranching or increasing humber o
Run 1, all these compounds are produced in amounts by at lecRPms bonded to silicon.

of two orders of magnitude lower. The observed preponderancr? ITh(ej it?terhpretation qf the fabhovi(depenhdencles Is, however,
of methane is in line with cleavage of-$fH3 bonds giving elped by the comparison of the X-ray photoelectron spectra

fise to CHy radicals and with abstraction of H by this radical taken before and after TGA of the superficial layers of those

from the polymer. These steps generate unsaturated Si Cent%@nOCfmpé)sGite_sl_éTaé)le ?' which differer;o;éinhthe Fe content
that are capable of inducing rearrangements and cleavages fyins L an )- The Fe (2p) spectra reyi8al, 36] the presence

polymer skeleton. The plausible reactions 2] cleavage to oféthoFchgmi;:lal gta'{?s 'I('):] ironl .e. :]hat %fq:e;O?‘E’ eVI) and ¢
silanone and small Si-centered radicals, the disproportionatioﬁ (Fex03, -5€V). They also show that the outer layers o

of the latter to silene and methylsilanes, silylene formation an(ﬁhe Fe-richer sample contain both cqn_trlbutlons, but those of the

scrambling of SiC and S+O bonds. Other likely reactions are Fe-poor samp]e contain only the oxidized form. (The presence

formation of relatively stable:€C and very unstable SC bonds of bqth states in t.he deeper .Iayers of the samples was, howgver,
that are reactivi83] towards oxygen and air moisture. The latter confirmed by Ar ion sputterin2,23]). The specira of the Si

induces changes in polymer structure on air due to formation 092p) electrons resemble those of ultrafine polyoxocarbosilane
Si-0 and G=0 bondg33] as observed by IR and XP spectra powders obtained by laser-induced gas phase decomposition of

The evolution of methane is a two-stage process Charactep_examethyldisiloxan{85,37] and can be qecomposeq Into two
ized with the evolution maxima at ca. 350 and 660(Fig. 5). components at 10?.2 and 103.4 eV,.WhICh respectlyely corre-
Very interestingly, the relative importance of these stages (ratiépolnd[38'39] to CS'% (x d: 2,3)and ?'Q structural units. Th§8 48
of areas under the appropriate parts of curve) is affected by th%sg i) s%e;:;rg;a{} i_ Ecompos_e Into congaongng at q =
Fe/FeOs content in the nanocomposite, the second stage grom?c—):é gn(resp .C (CE)_Z:V) :goizieezs'?ﬁg%ug]gspeé t ra_arearnepre
ing in importance with decreasing Fegag content (Fig. 6). ~ e : )

ginimp g Fedkr (Fig-6)-  Centeda0] by O, O(-C~0), OH, O-SIC and G-O-X (X=C,
H) and SiQ components.
The relative abundances of these components calculated from

The FT-IR spectra of the heated samples resemble those g}tensmes of Si (2s), Fe (2p), C (1s) and O (1s) photoemission

the initial ones, the only noticeable difference being a small

3.3. Changes in nanocomposites structure

100 .

75 1

Final polymer weight
depletion, %
CHs peaks ratio
n

50 - 4
y = -344.6 % + 242.4 x + 47.3
R? = 0.9949 1

25

.
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Fig. 4. Dependence of the polymer weight depletion on the E&%eontent Fig. 6. Dependence of the first to second stage of methane evolution on the
in the Fe/FeOs/polyoxocarbosilane nanocomposite. Fe/FeO3 content in the Fe/R®s/polyoxocarbosilane nanocomposite.
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Table 2
Chemical composition (normalized to atomic concentration of Si; the Si, Fe, C and O spectra were assigf@s-4f@rof the nanocomposites before (B) and
after (A) TGA as calculated from integral intensities of Si (2s), Fe (2p), C (1s) and O (1s) lines

Sample Stoichiometry Si Fe C O
from run ; - " "
R—SHO SiO; Fé Fe* CH, C—OH O0=C—0 0* 0O'=C-0 OH~ 0=C—0' C—0-C
(@) Cc—0—C R—Si—O C—OH SiQy

1B SiiooFen.1601.62C1.38  0.49 0.51 0.16 1.26 0.09 0.03 0.20 0.52 0.90

1A Si1.00F&.1802.22Co85s  0.35 0.65 0.18 0.79 0.02 0.04 0.32 0.80 1.10

6B Sh.ooFe.8303.26C254 0.68 0.32 0.38 0.45 209 0.21 0.24 1.44 1.00 0.83

6A Si1.00Fe.6903.62Co.77  0.61 0.40 0.01 0.68 0.61 0.08 0.08 1.69 0.97 0.94

lines show that bothaser-produced samples have more CH

moieties than CH structures bonded to O. Additionally, the Fe-

rich sample has more C, O and CSihits (compared to Sip

units). It also appears that tle&GA-derived samples (Samples

heated to 750C) decrease their C content and increase their O |itial
content and that the heating of the Fe-rich sample leads to morepolymer
C depletion but lower O uptake.

These spectral changes confirm thatthe TGA of the nanocom-
posites can be accounted for by depletion of carbon, which is
in line with the observed evolution of methane and which leads
to the formation of the SiQstructures with: > 2 together with
O-containing carbonaceous units.

The two-stage of the thermal decomposition of the polyoxo-
carbosilane shell in the Fe/f@3/polyoxocarbosilane nanocom-
posite are in keeping with the occurrence of two different mecha-
nisms. More feasible low-temperature decomposition facilitated

at higher Fe/Fg0s Conte_m strongly suggests the Presence OfScheme 2. Two state decomposition of the polyoxocarbosilane shell in the

heterogeneous effects, i.e. a Fe and/of0zecatalysis of the  Fe/Fe0; (core)/polyoxocarbosilane (shell) nanocomposite.

Si—C bond cleavage taking place in polymer layers that are in

direct contact to the core. Iron and iron oxides are consideregysly reported thermal degradation of polyoxocarbosilanes and
as low-efficient catalystgl1] and it is possible that the catalysis can be considered as homogeneous process.

involves nanosized features and/or surface defects. The high- These results represent the first thermal degradation data
temperature decomposition presumably occurs with polymer nge|ated to nanocomposite metal/polymer system and indicate

being in a direct contact with the core. This view is supported bspecific features of thermal degradation of these materials which
the fact that this stage becomes more pronounced with decreggresently attract so much intergép—45].

ing Fe/FeOs content. The two different degradation stages are
illustrated inScheme 2. The scheme is supported by the preViAcknowledgements
ously observed methane evolution-a650°C from nanosized

Thermally
modified
polymer

polyoxocarbosilane powders not containing Fe@s; [30,32]. Research was supported by NATO Collaborative Research
Grant CLG 98058 and by GACR (grant no. 104/04/2028). We
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