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Abstract

The pyrolysis of transition-metal-containing organosilicon-diacetylene oligomers was performed in order to prepare multiphase
ceramics. Poly[1,1'-bis(diorganosilylethynyferrocenes] (2) were pyrolysed, under argon, up to 1350°C to give Fe,Si C_ phases with
good yields, owing to the incorporation of the cyclopentadiene groups in the carbon matrix and the participation of nearly all silicon and
iron in the ceramic residue. The pyrolysis of polyl{(diorganosilylene) diacetylene} dicobalt hexacarbonyls] (3) at 1350°C gave Co,Si and
graphite-like carbon. Evolution of part of the carbon monoxide of 3 in the early stage of the pyrolysis (100°C) showed that the
cross-linking of the diacetylene units was induced by reactive cobalt species. Furthermore, at higher temperatures (200-500°C), cobalt
clusters catalysed the ceramic formation. Co,Si was shown to result from the reaction of SiC with Co above 1000°C, both formed during
the pyrolysis process. Finally, at 1100°C, a carboreduction reaction led to the elimination of the oxygen incorporated in the carbon matrix

during the cross-linking process.
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1. Introduction

Silicon carbide is of particular interest because of its
high thermal and chemical stability, low density, high
mechanical strength and hardness, and high thermal
conductivity [1]. These properties combine to make SiC
attractive for use in multiphase ceramics of the type
SiC-X and X being Si;N, [2], TiB, [3], AIN [4],
MoSi, [5] or TiC [6], which have been shown to have
often superior properties compared with the component
pure phases.

Such composite materials are in most cases prepared
by the conventional method of high temperature, high
pressure sintering. Although sintering is a common and
well-established process for obtaining ceramics, its main
disadvantage is the high processing temperature, pro-
moting grain growth, thereby discouraging nanosized
microstructures [1]. As an alternative, a chemical pro-
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cessing route with an organometallic precursor to pre-
pare Si—~C-M phases (M = transition metal) can be
envisaged. If offers several advantages including initia-
tion of solid state reactions under milder conditions, and
improved control over composition, microstructure and
final form of the expected material [7]. With this aim,
the introduction of a transition metal in a ceramic char
can be performed in three different ways.

(i) The first approach, developed by Seyferth et al.
[8], involves the pyrolysis of mixtures of pre-ceramic
polymers (Nicalon polycarbosilane or polysilazane of
the type [(CH,Si(H)NH),(CH,SiN), ], for instance) with
commercial transition metal powders (Ti, Zr, V, Ni,
Mo, W, etc.) in a stream of argon or ammonia. In the
case of titanium and polycarbosilane, as an example,
these workers obtained a mixture of SiC-TiC, carrying
out the experiment under argon, or SiC-TiN in the case
of the pyrolysis performed in a stream of ammonia. The
same route was used by Jiang and Rhine [9] with vinyl
polysilanes and boron or silicon.

(ii) A second route that we have developed consists
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of the pyrolysis of poly[(diorganosilylene)diacetylene]-
metal oxide composites [10].

For example, polymer 1 with a regular alternating
arrangement of silylene and diacetylene units [11] af-
fords B-SiC-containing ceramics with high yields after
pyrolysis in an argon stream [12]. The ceramic chars
contain a large excess of free carbon coming from
diacetylene units and from the groups attached to sili-
con.

1 +SiR‘R2—C-="C—C‘=—C—]—"

R'=R’=Mem=1,2
R'=R’=Et m=1
R'=R’=Phm=1
R'=Me; R?=Ph m=1

The controlling factor of the process is an efficient
cross-linking through the triple bonds; the polymers are
thermally converted into an amorphous matrix of sp*-
hybridized carbon atoms, in which the SiC network is
formed without loss of organosilicon compounds. The
transmission electron microscopy (TEM) of the residue
indicates that SiC is regularly dispersed in the carbon
matrix with an average particle size of 2.5 nm [13].
Taking advantage of these properties, the poly[(sily-
lene)diacetylenes] were used as ‘‘ wrapping polymers”’
for metal oxides [10,14,15]. During the pyrolysis, the
excess of carbon allowed the carboreduction of the
encapsulated oxide particles and formation of silicon
carbide—metal carbide ceramics of various and well-de-
fined compositions when working in an argon stream
[10]. The pyrolysis performed in a reactive atmosphere
of dinitrogen gave efficient carboreduction and nitrida-
tion and led to silicon carbide—metal nitride ceramics
[15]. Improvements are found when metal alkoxides are
used as molecular sources of the corresponding oxides
[16). The ceramic particules exhibit an Si—-M composi-
tion (as determined at the nanometric level by energy
dispersive X-ray analysing) corresponding to mixed ce-
ramic phases with interpenetrating networks [17].

(ii1) Attention can also be directed towards the pyrol-
ysis of organometallic polymers containing both
organosilicon and metal groups in their structure. In-
deed, the dispersion of the metal at the atomic level in
the pre-ceramic organosilicon polymer as an
organometallic moiety may control both the stoichiome-
try and the microstructure of the resultant ceramic [7b].
Organometallic complexes are known to decompose
thermally at relatively low temperatures [18] and this
must lead to the formation of metal clusters regularly
dispersed in a carbon matrix. Aylett and coworkers [19],
for instance, prepared transition metal silicides by ther-
mal decomposition of organometallic complexes. Pyrol-
ysis of poly(ferrocenylsilanes) was used by Manners

and coworkers [20] to obtain iron silicide carbide ceram-
ics.

Recently, our current interest in the design, synthesis
and pyrolysis of precursors to SiC-containing ceramics
[21] led us to prepare polyl(silylene)diacetylenel-type
oligomers containing organometallic moieties [22]. This
paper focuses on the thermal behaviour of such deriva-
tives, namely 2a-2¢ and 3a, 3b and their use as poten-
tial non-oxide ceramic precursors. Oligomers 2 contain
1,V-ferrocenyl units in the main chain, while 3 corre-
sponds to the complexation of one of the acetylenic
units of 1 with Co,(CO)s.

-ECEC—SiR‘RZ—Fc—SiR'Rz-—CEC—]—n 2

2a: R' =R?=Me
2b: R! = Me; R* = Ph

Fc: 1,1 ferrocene

2¢: R'=R?*=Ph
(80)3
(o]
—ESiR'RZ—CEc—ci >C+ 3
Neg

3a: R'=R?=Me
3b: R' = Me: R = Ph

2. Results and discussion
2.1. Poly[1,I'-bis(diorganosilylethynyl)ferrocenes] (2)

The thermal transformations of oligomers 2a—2¢ were
analysed using differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA) and thermodifferen-
tial analysis (TDA) in an atmosphere of argon. The
results are summarized in Table 1. Fig. 1 gives the DSC
curve for 2¢.

Oligomers 2a-2c¢ are powders and as observed previ-
ously in the case of the polyl(silylene)diacetylenes] [12],
the DSC curves showed no melting point. Two (2a) or
one (2b and 2¢) exotherms which correspond to the
solid state cross-linking of the triple bonds were de-
tected. These exotherms are very broad indicative of a
slow cross-polymerization reaction and occurred at
higher temperatures (mainly 350-390°C) than in the
case of poly[(dimethylsilylene)diacetylene] (200°C). The
enthalpies of the processes are also smaller, 70J g~ <
AH<1601 g™ vs. AH=7551 g '. The polymeriza-
tion process is more difficult because these oligomers
are amorphous, as demonstrated by their powder X-ray
diffractograms. Indeed, we have shown previously with
polyl(silylene)diacetylenes] that the cross-polymeriza-
tion through the triple bonds depended greatly on the
crystallinity of the starting material which is connected
to the steric requirements of the substituents bonded at
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Fig. 1. DSC curve of 2c¢.

silicon {23]. On this basis, the presence of an additional
small exotherm centred at 223°C in the case of the
less-hindered oligomer 2a would be the result of the
presence of small crystalline zones, where an easier
polymerization process starts and, at higher tempera-
tures extends to the whole mass of the material.
Oligomers 2a—2¢ were pyrolysed at 10°C min~' up
to 1350°C with a hold of 4 h at that temperature. In both
cases, the TGA curves showed that the weight loss
occurred in one step, mainly between 400 and 800°C
(Table 1). The ceramic residues were obtained with
high yields (74.5-84.5%) owing to the efficient cross-
linking through the triple bonds. The general appear-
ance of the ceramic char corresponded to a black residue
with small metallic-like particles. Elemental analysis of
the residues gave iron, silicon, carbon and small amounts
of oxygen. The silicon-to-iron ratio corresponded to 2 to
1, ie. the ratio in the starting oligomers. Table 1
indicates also that all iron and silicon present in the
starting oligomers 2a-2¢ were recovered in the ceramic
residues. The amount of carbon in the residue was large
(2a, 60.7%; 2b, 64.5%; 2¢, 73.3%) and indicated that
the major part of the carbons of both the cyclopentadi-

Table 1

Thermal behaviour of poly[1,1'-bis(diorganosilylethynyl)ferrocenes] (2)

Hz

v T A T T
100 300 500 700 900 1100
Temperature (°C)

Fig. 2. Pyrolysis of 2a to 1100°C, under argon: mass spectrum traces.

enyl groups and the substituents at silicon are incorpo-
rated into the carbon matrix; indeed, the carbon content
was greater with phenyl than with methyl substituents,
as outlined previously in the case of polyl[(silylene)di-
acetylenes] [12]. It must be emphasized that in the case
of the pyrolysis of poly(ferrocenyl silanes) in a stream
of nitrogen, ceramic yields of only 35-40% were in-
dicative of the loss of most of the cyclopentadienyl
ligands present in the starting polymer [20]. This result
stresses again the important influence of the diacetylene
units in the pyrolysis process.

X-ray powder diffractograms of the ceramics ob-
tained from oligomers 2a-2c¢ are similar: B-SiC and
Fe S1,C, phases were observed. Owing to a great
number of phases corresponding to Fe and Si, Fe and C
or Fe, Si and C, it was not possible to assign unambigu-
ously the X-ray diffraction peaks. Also, the very hard
metallic-like particles have not been characterized.

In the case of the pyrolysis of the dimethylsilyl
oligomer 2a, the off-gases of the thermolysis were
analysed by mass spectrometry (Fig. 2). As expected,
methane was observed between 450 and 750°C and
hydrogen evolved from 450 up to 1000°C with a maxi-
mum around 700°C. No evolution of cyclopentadiene
was observed.

R R TGA weight loss TDA DSC Analysis Amount recovered ¢

(temperature range) (empirical formula) s Fe

2a Me Me Am=155% 2 exotherms C, 60.72; Si, 18.55; 97% 99%
(450-800°C) 340°C 223°CAH=8J)g"! Fe, 18.81; O, 1.68

344°C AH=1103g! (C5FeSi,0q;5)

2b Me Ph Am =25.5% 350°C 350°C AH=160J g~ ! C, 64.48; Si, 12.34; b b

(400-800°C) Fe, 12.10; O, 3.87
(C,4 4FeSi,0))
2c Ph Ph Am=21.5% 375°C 390°CAH=69]g ! C, 73.31; Si, 11.54; 96% 100%

(450-800°C)

Fe, 12.49; O, 2.13
(Cy7.4FeSi,| 55004)

 Residue pyrolysed at 1350°C.

® Not calculated because the sum of the individual percentages accounts for 93% of the expected value.

¢ Calculated from elemental analysis and pyrolysis yield p. As an example, %Si recovered = (%Si, X p)/%Si
is the percentage of silicon in the precursor.

percentage of silicon in the residue and %Si,,

pre> Where %S8i,. . is the
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Fig. 3. Powder X-ray diffractogram of 3b pyrolysed at 1400°C, under
argon.

The general behaviour of the pyrolysis of the
poly[1,1"-bis(diorganosilylethynylferrocenes] (2a-2c¢) is
very similar to that observed in the case of poly[(di-
organosilylene)diacetylenes], i.e. firstly cross-linking in
the solid state through the triple bonds without weight
loss giving the formation of a carbon matrix with SiR,
groups, and secondly ceramic formation with incorpora-
tion of the carbon from the cyclopentadienyl ligands in
the carbon matrix and formation of SiC and Fe Si,C,
phases.

2.2. Dicobalthexacarbonyl complexes of polyl(di-
organosilylene)diacetylenes]

2.2.1. Bulk pyrolysis

Oligomers 3a and 3b with one of the triple bonds
complexed with dicobalt hexacarbonyl [22] were pyrol-
ysed up to 1400°C under an inert atmosphere of argon.
Table 2 gives the ceramic yields, elemental analyses
and the powder X-ray analysis of the residues.

The yields of the ceramic residues from 3a and 3b
were found to be around 50%; these are reasonable
yields if we consider that the carbonyl groups are very
labile ligands and represent 37% (3b) and 43% (3a) of

Jn

1300 Wavenumber

Fig. 4. Raman spectrum of 3a pyrolysed at 1400°C, under argon.

the weight of the starting oligomers. Elemental analysis
gave silicon and cobalt in a nearly 1:2 stoichiometry;
carbon was also present. These facts and the ceramic
yields obtained indicated that, during pyrolysis, nearly
all the silicon and cobalt was recovered (see Table 2).
X-ray analysis indicated the formation of Co,Si and
organized carbon (6= 13.28°). No crystallized B-SiC
was observed in the X-ray diffractogram. As an exam-
ple, Fig. 3 gives the X-ray trace of the ceramic residue
obtained from 3b.

Raman spectroscopy is known to be a suitable method
for characterizing poorly crystallized solids and, for
instance, amorphous and graphitic carbon. Two peaks
are observed: one around 1350 cm™' (disorder-induced
line) and the second near 1580 cm™' (Raman allowed
graphite-like E,, mode) [24]. The Raman spectrum of
pyrolysed 3a (Flg 4) showed a broad peak at 1359
cm”~! and a relatively sharp peak at 1580 cm™'. The
major part of the carbon is in graphite-like form; a small
peak at 1553 cm~! confirmed that the graphitization of
the carbon was not complete. Some information can be
gained about the domain size and the relative order or
disorder of the graphitic carbon [25]; the D (1357
cm™')-to-G (1580 cm™") intensity ratio I, /I, is 0.33
and the G bandwidth is close to 30 cm™'. This corre-
sponds to an average domain size of 100-150 A and an
ordering similar to polycrystalline graphite [25b].

The formation of Co, Si can be envisaged as involv-

I‘li:::fnil behaviour of poly[{(silylene)diacetylene}dicobalthexacarbonyls] (3)
R R p Analysis Amount recovered ? X-ray
(empirical formula) s Co
3a Me Me 51% C, 23.70; Si, 15.01; Co, 60.89; O, 0.52 92% 89% Co,Si
(C3.7Si|C°g.9Oo.06) b b Cgraph.
3b Me Ph 53% C, 38.02; Si, 10.60; Co, 39.81; O, 0.72 Co, Si
(Cg.48i,Co, 40y ) Coaraph

? Calculated from elemental analysis and pyrolysis yield p. As an example: %Si recovered = (%Si ., X p)/%Si,, where %Si
is the percentage of silicon in the precursor.

of silicon in the residue and %Si,,,

is the percentage

Tes

® Not calculated because the sum of the individual percentages accounts for 89.15%.
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ing the reaction of cobalt with SiC [26]. Oligomers 3a
and 3b were pyrolysed up to 800°C and the residues
analysed by powder X-ray diffraction and IR spectrome-
try. The latter technique gave the characteristic band of
SiC at 860 cm™', whereas the powder X-ray diffrac-
togram indicated no crystalline phase at that tempera-
ture. When pyrolysed to 1000°C for 1 h, under argon,
the X-ray diffractogram of 3a gave the sharp lines of
cobalt metal. Thus the formation of Co,Si can be
explained by the reaction of finely dispersed cobalt
metal with amorphous SiC dispersed in carbon at a
temperature above 1000°C.

Pyrolysis of poly[{(dimethylsilylene)diacetylene} di-
cobalt hexacarbonyl] led to a ceramic composed of
Co,Si and graphite-like carbon. To study the influence
of the cobalt on the process, we pyrolysed poly[(dimeth-
ylsilylene)diacetylene] complexes with a different di-
cobalt hexacarbonyl content and also a mixture of
polyl(dimethylsilylene)diacetylene] and commercial
cobalt metal (Table 3). When only 30% of the diacety-
lene units were complexed with Co,(CO); (Table 3,
entry 2), the pyrolysis up to 1350°C under an inert
atmosphere of argon gave a 56% ceramic yield. Ele-
mental analysis indicated that carbon, silicon and nearly
all the cobalt introduced in the polymer were recovered
in the final ceramic. X-ray analysis of the residue gave
CoSi, SiC and graphite-like carbon. As expected from
the cobalt-to-silicon stoichiometry in the starting com-
plexes, CoSi was favoured over Co,Si when the Co-to-
Si ratio was decreased. The influence of cobalt on the
process was also studied with cobalt metal (Table 3,
entry 3). Commercial cobalt metal powder (100 mesh)
was dispersed in a solution of poly[(dimethylsilylene)di-
acetylene] in tetrahydrofuran (THF) and the solvent
removed under vacuum. The pyrolysis of the solid
obtained first leads to polymerization through the triple
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bonds: encapsulation of cobalt in a carbon matrix, as
observed in the case of metal oxides [10,15], would
favour the contact with the metal during the pyrolysis
process. This reaction was performed with a silicon-to-
cobalt ratio of 1 to 2 (Table 3, entry 3). After pyrolysis
to 1350°C, graphitic carbon and cobalt metal were
observed in the X-ray diffractogram. CoSi, Co,Si SiC
were not detected; however,the amount of cobalt metal
and its grain sizes (150 wm), led to very broad peaks in
the X-ray diffractogram, which make the detection of
other species difficult. Thus, if a reaction takes place
between the micron-scale metal powder and the carbon
matrix derived from cross-linking of the poly[(dimethyl-
silylene)diacetylene], the transformation is quite slow.
In sharp contrast, the pyrolysis of 3a, in which finely
dispersed in-situ-generated cobalt is involved, gives rise
to complete formation of Co,Si under similar condi-
tions.

2.2.2. Thermal analysis and mechanism.

To obtain more information, the pyrolysis to 1000°C,
under an argon atmosphere, of the cobalt complex 3a
was studied by TGA and the off-gases were analysed by
mass spectrometry (Fig. 5).

The TGA curve of 3a showed that the weight loss
(34%) occurred in one step, mainly from 150 to 350°C.
Three, nearly successive gas evolutions were observed:
from 100 to 300°C, with a maximum intensity at 200°C,
carbon monoxide was observed; methane evolution
started near 200°C with a maximum intensity close to
350°C; finally, hydrogen was detected from 300 to
1000°C. The observed weight loss of 34% is smaller
than the expected value of 47.5% based on the stoi-
chiometry of 3a and an ideal SiCo,C; composition (the
pyrolysis of poly[(dimethylsilylene)diacetylene] leads to
SiC;). The data suggest that carbonyl groups are incor-

Table 3
Pyrolysis * of polyli(dimethylsilylene) diacetylene] alone, with 30% of the diacetylene units complexed with Co,(CO), and with cobalt metal
Entry Precursors p? Analysis X-ray
(Empirical formula)
1 -+ siMe,—C=Cc—Cc=CH}° 84% (C,Si) SiC
2 HsiMe,—C=C—C=03 56% C, 46.93; Si, 20.97; CoSi,
Co, 25.70; O, 1.15 SiC
(CO), (€, 5Si09C0050q 080 Corapn ¢
Co
7N
(—SiMcz—C—|-—C—CEC-)3—}
N\l/ n
Co
(CO),
3 —+SiMe, —C=Cc—C=C+ 89% C, 25.08; Si, 10.77; Cgraph
+2nCo Co, 54.07; 0, 0.43 Co

metal

(C4,Sig7 COI.SOO.OS)

? Up to 1350°C.

b Pyrolysis yield.
¢ See [11].

¢ Small amounts.
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Fig. 5. Pyrolysis of 3a to 1000°C under argon: mass spectrum traces
(a.u. arbitrary units).

porated during the pyrolysis. For instance, incorporation
of two carbonyls in the carbon matrix during the initial
stages would lead to 33.1% weight loss, close to the
experimental value. Furthermore, when the pyrolysis
was continued to 1300°C, a second weight loss, identi-
fied as carbon monoxide by mass spectrometry (Fig. 6),
was observed; this loss (15%) corresponded to the
evolution of 2 mol of carbon monoxide, if we assume
that all the cobalt and silicon are recovered in the
residue. The total weight loss of 49% gave a residue
which, formally, corresponds to Co,Si, 4.5C.

Oligomer 3a and poly[(dimethylsilylene)diacetylene]
show quite different thermal behaviours under the same
conditions (i.e. 1000°C, an argon atmosphere and a
heating rate of 10°C min~'). In the latter case, the
mineralization starts about 200°C above the temperature
observed for 3a. The weight loss occurred in one step
between 400 and 700°C. Methane evolved from 400 to
700°C with a maximum near 600°C; hydrogen evolution
started as around 500 up to 900°C with a maximum near
600°C [12]. Furthermore, no carboreduction takes place
at higher temperature. Thus the data clearly show the

Tirem

's E & % 1200 500
Temperatura/ C

Fig. 6. Pyrolysis of 3a to 1300°C, under argon. Mass spectrum trace
of the carbon monoxide evolution.

influence of the [cobalt carbonyl] moieties in the pyroly-
sis process.

From a mechanistic point of view, the following
comments can be made.

(i) Thermal cross-linking of poly[(silylene)di-
acetylenes] through the triple bonds occurs at 200°C, via
a 1,4-addition mechanism which leads to the formation
of butatriene and eneyne units. The latter are converted
at higher temperatures into an amorphous C sp? matrix
[12]. In the case of their cobalt-complexed analogues 3a
and 3b, the cross-polymerization step follows a quite
different process. Evolution of carbon monoxide is ob-
served in the early stage of the pyrolysis (100°C for 3a);
this elimination will result in the formation of
organometallic cobalt clusters attached to the triple
bonds of the oligomeric structure. Such species can be
involved in the generation of reactive cobaltacycles and
(cyclobutadiene)cobalt derivatives [27]. Indeed, cobalt
complexes are known to give easily metallacycles which
are invoked as intermediates in the cyclotrimerization of
alkynes [28]. Thus the in-situ generation of such species
will lead to an unsaturated carbon matrix pre-figuring
the graphite-like structure observed at the end of the
pyrolysis. Furthermore, the formation of (n*-cyclo-
pentadienone)cobalt-type species can also be invoked to
explain the incorporation of carbon monoxide in the
carbon backbone; indeed, the reaction of 1,4-bis(tri-
methylsilyl)-1,3-butadiyne with CpCo(CO), led to the
formation of a mixture of several compounds, among
which two isomeric (n*-cyclopentadienone)(n’-cyclo-
pentadienyl)cobalt compounds were the major products
[28a].

(i) The presence of cobalt species results in a signifi-
cant lowering of the temperature range in which the
ceramic formation step takes place. Indeed, in the case
of 3a, methane was evolved from 200 to 500°C, and
hydrogen from 300 up to 1000°C. Scheme 1 gives a
possible mechanism for the ceramic formation of 3a.

The most probable primary process corresponds to
the insertion of [Co] units into a C—H bond [28] ([Co]
represents an organometallic cobalt species formed from
the thermal degradation of the (alkyne)Co,(CO),)
(Scheme 1(a)). Further decomposition (the thermal
degradation of cobalt alkyls is known to be very easy
[18)]) will lead to the stabilized silylmethyl radical 4 and
concomitant release of a hydrogen radical (Scheme
1(b)). Compound 4 is part of a highly cross—linked
carbon matrix which prevents it from moving away
from the other reactive centers present in the solid. Thus
direct attack of 4 at a neighbouring silicon centre is
postulated as a propagation step (Scheme 1(c)). It should
correspond to the formation of a framework composed
of methylene moieties (Si—CH,~Si) and release of a
methyl radical. The latter may abstract hydrogen from
C-H bonds and regenerate 4 with evolution of methane
(Scheme 1(d)). In other words, the above reactions
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would lead to the stepwise conversion of the isolated
dimethylsilyl groups into a [-Si—-CH,-] polycarbosilane
backbone 5 inside the carbon matrix containing cobalt.
Moreover, it explains the evolution of methane in the
initial stages of the mineralization process between 200
and 500°C. In the later stages, the major component of
the volatile species becomes H,. At that time, the
material is progressively converted into an inorganic
structure. These changes will include (i) the homolysis
of the remaining C—H bonds (species such as 6 can be
invoked (Scheme 1(e)), the cross-linking by radical
recombinations, and thus consolidation of the *‘SiC”
network and (ii) the scission of the Si—C matrix bonds
with formation of free carbon (Scheme 1(f) and Scheme
1(g).

An alternative process, certainly less likely, is the
less usual insertion of a transition metal moiety into a
silicon-carbon bond [29] (Scheme 2(a)). Further reaction
would give rise to the silyl radical 8 and a methyl
radical (Scheme 2(b)). The latter will continue the
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propagation process according to Scheme 1(d). Com-
pound 8 may be involved in the formation of the
[-Si-CH,-Si-], framework; 5 (Scheme 2(c)) and 4
may be obtained by reaction with a hydrogen radical
(Scheme 2(d)).

(iii) At temperatures above 1000°C, the cobalt clus-
ters will act as very reactive species towards the amor-
phous SiC present in the carbon matrix and will lead
easily to the generation of Co,Si. Furthermore, we did
not observe the formation of Co,Si when a mixture of
poly[(dimethylsilylene)diacetylene]-cobalt powder (100
mesh) was pyrolysed under similar conditions. The
same feature, i.e. the high reactivity of the in-situ-gener-
ated cobalt clusters, explains the efficient organization
of carbon into a graphitic-like structure. Indeed, the
conversion of amorphous carbon into graphitic carbon is
known to be catalysed by transition metals [30].

(iv) As outlined above, the decomposition of cyclic
unsaturated ketones species such as (n*-cyclopen-
tadienone)cobalt, generated in the very initial stage of
the thermal process would lead to incorporation of
carbon monoxide in the carbon backbone. As a conse-
quence, the presence of oxygen in the material results in
a partial oxidation of reactive cobalt or silicon species
formed during the pyrolysis and finally, at temperatures
above 1100°C, carboreduction occurred with evolution
of carbon monoxide.

3. Conclusion

We have found that pyrolysis of organometallic
oligomers containing a transition metal group is an
efficient route for preparing Si—-M-C multiphase ceram-
ics. The introduction of ferrocene in the chain of
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polyl[(silylene)diacetylenes] allowed the formation of
Fe,Si,C, phases with good yields by pyrolysis at
1350°C in an argon stream. The pyrolysis of poly[{(di-
organosilylene)diacetylene}dicobalt hexacarbonyls] (3)
at 1350°C gave Co,Si and graphite-like carbon. The
formation of Co,Si was found to occur from reaction of
cobalt metal with silicon carbide, both being formed
during the decomposition process. When compared with
its non-complexed oligomer analogue, 3a showed that
both cross-linking and ceramic formation steps occurred
at lower temperatures (lower by 100 and 200°C respec-
tively). This clearly indicates the participation of cobalt
species during these two steps; these entities may be
cobaltacycles in the cross-linking process and cobalt
alkyls (or aryls) or hydrides during mineralization. The
regularly dispersed cobalt clusters may explain the effi-
cient organization of carbon into graphite-like carbon.

4. Experimental section

All reactions were carried out under nitrogen using a
vacuum line and Schlenk tubes. Solvents were dried and
distilled before use. THF was distilled over sodium-ben-
zophenone.

Cobalt octacarbonyl was purchased from Strem
Chemicals. The synthesis of the following compounds
were published previously: poly[1,1’-bis(diorganosilyl-
ethynyl) ferrocenes] (2) [22], poly[{(diorganosilylene)-
diacetylenes}dicobalthexacarbonyl] (3) [22], poly[(di-
methylsilylene)diacetylene] [11].

All NMR measurements were obtained at ambient
temperature. 'H spectra were acqulred by using a Bruker
AW 80 instrument and *C and *Si solution spectra
with a Bruker WP 200 SY or WP 250 AC spectrome-
ters. Chemical shift data were referenced to tetramethyl-
silane (TMS).

4.1. Synthesis of polyl(dimethylsilylene) diacetylene]
with 30% of the diacetylene units complexed with
Co,(CO),

The same procedure as for the synthesis of poly[{(di-
organosilylene)diacetylenes}dicobalt hexacarbonyl] (3)
was used [22]. A solution of dicobalt octacarbonyl (2.26
g, 0.0066 mol) in THF (10 ml) was added to a solution
of poly[(dimethylsilylene)diacetylene] (2.34 g) in the
same solvent (30 ml). Gas evolution was observed.
After stirring for 12 h, the volatiles were eliminated
under vacuum and the residue was washed with pentane
to give a brown viscous oil (4.15 g) with a quantitative
yield. IR (THF, cm™'): »(C=0) 2092, 2060, 2029;
»(C=C) 2079 cm™'.

4.2. Thermal analyses

Argon (O,, less than 5 ppm; H,O, less than 5 ppm)
was used as the inert gas for the TGA experiments and

the thermal decomposition reactions. IR spectra were
recorded with a Perkin—-Elmer 1600 FT spectrometer
operating at 4 cm™' resolution. Solid IR samples were
prepared under a normal atmosphere as KBr pellets.
Elemental analyses were performed by the Centre de
Microanalyse du CNRS. X-ray diffraction measure-
ments were obtained using Cu Ka radiation with a
Philips diffractometer.

Simultaneous TGA-TDA were performed under
flowing argon (50 ml min~') with a Netzsch STA 409
thermobalance interfaced with an Anagas 200 Delsi-
Nermag mass spectrometer through a capillary tube and
a molecular leak. The typical heating rate was 10°C
min~".

DSC experiments were performed on a Mettler 30
instrument under argon at a heating rate of 5°C min™".

The pyrolysis experiments were performed by pour-
ing weighed portions (0.1-1 g) of the oligomer into an
aluminium oxide boat (80 mm X 10 mm X 10 mm)
which was placed into a gas-tight aluminium oxide tube
(1 m; inside diameter, 30 mm) fitted with glass taps to
allow connection to a vacuum line. During pyrolysis,
the argon flow was maintained around 50 ml min~".
Pyrolyses were performed with an Eurotherm or Carbo-
lite furnace, using a temperature program as given in
the text.
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