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Continuous-wave CO2 laser irradiation into gaseous methyldisiloxanes [(CH3)nH32nSi]2O (n ~ 2,3) at 1000 uC
yields nanosized Si/C/O–carbon composites and at 2000 uC affords SiC–Si/C/O–carbon composites. The results

demonstrate the feasibility of the direct production of silicon carbide from disiloxanes and suggest that the

laser-induced homogeneous thermolysis of disiloxanes to SiC can be a preferred alternative to the earlier

reported conventional thermolysis of specially synthesized polysiloxanes.

Introduction

Silicon oxycarbide materials with high-temperature strength
and chemical stability have recently been paid much attention.
Their synthesis was achieved by thermolytic conversion of
oxygenated organosilicon precursors, mostly oligomeric and
polymeric crosslinked siloxanes synthesized via the sol–gel
route from alkoxysilanes (e.g., ref. 1). The crosslinked poly-
siloxanes are suitable precursors to the Si/C/O phases, since
their thermal degradation, dissimilarly to that of linear- and
branched-chain polysiloxanes,2 does not proceed through
volatilization of cyclic oligomers.3

High-temperature pyrolysis of Si/C/O phases as well as that
of crosslinked siloxane polymers can lead to the formation of
silicon carbide,1a,1b,1f,4 the key feature of obtaining SiC from
the siloxanes being heating to above 1600 uC and having
enough carbon to allow CO evolution (e.g., ref. 4a,4f). The fact
that the siloxanes can be converted into silicon carbide and
carbon in controllable proportions makes them useful as
binders for the sintering of silicon carbide monoliths.

We have reported on other, simpler approaches towards Si/
C/O phases based on UV laser induced photolysis and IR laser
thermolysis of gaseous organosilanes5 (e.g., disiloxanes)5a–d

and on pyrolytic IR laser-interaction with an aerosol of ethoxy-
(methyl)silanes and hexamethyldisiloxane.6 These approaches
involve absorption of laser photons in a simple monomer,
occur within a few milliseconds, and involve a multitude of
decomposition and polymerization steps along with scrambling
of SiOxC42x moieties. They result in the formation of Si/C/O
phases similar to those produced by high-temperature treat-
ment of oligomeric and polymeric crosslinked siloxanes.3

The rules for the estimation of the Si/C/O ceramic
composition from polymeric siloxane structure7 as well as

high-temperature chemistry of conversion of polysiloxanes to
silicon carbide4 have been reported.

As to the laser-induced production of Si/C/O materials, it is
only known6b that the O content in them reflects that in the
(CH3)nSi(OC2H5)42n precursor. However, no information on
whether ethoxy(methyl)silanes or disiloxanes can serve as
simple precursors of silicon carbide is available.

In this paper we report on IR laser-interaction with an
aerosol of 1,1,3,3-tetramethyldisiloxane and hexamethyl-
disiloxane. We reveal that the irradiation of both compounds
at a low energy density yields similar nanometric Si/C/O–C
composite powders, whereas irradiation at a high energy
density results in the formation of nanometric Si/C/O–SiC–C
composite powders with the relative SiC content depending on
the precursor. The results demonstrate the feasibility of direct
SiC production from disiloxanes.

Experimental

The laser irradiation experiments were performed in a set-up
consisting of a precursor reservoir, a reaction chamber and a
powder collector as described elsewhere.8 Briefly, the liquid
precursor (1,1,3,3-tetramethyldisiloxane (TMDSO) or hexa-
methyldisiloxane (HMDSO)) was placed in a glass jar, heated
at 80 uC and introduced orthogonally to the laser beam in
gaseous form using an Ar gas carrier (total pressure 740 Torr)
through glass tubing (diameter 12 mm) at a flow rate of 100 ml
min21. Nanopowders are formed by homogeneous nucleation
and growth in the interaction zone that manifests itself by
flame. The PRC Oerlikon continuous wave (CW) CO2 laser
was tuned to the 9 P (12) line (9.49 mm). Both disiloxanes
(Aldrich) are good absorbers of the laser radiation, since they
possess strong infrared active n(SiOSi) wide bands at 9.31
(HMDSO) and 9.29 (TMDSO) mm. The laser beam was
unfocused or focused (a lens with a focal length of 50 cm). The
residence time in the laser beam for the unfocused and focused
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laser beam was estimated as ca. 20 and 2 ms, respectively. The
flame temperature was measured by an optical pyrometer.

The collected powders were analysed for their properties by
several methods.

The morphology was characterized by transmission electron
microscopy (TEM) and Brauner, Emmet and Teller (BET)
surfaces. TEM photomicrographs were obtained using a
Philips 201 transmission electron microscope. BET surfaces
of the powders were measured using a Micromeritics Flowsorb
2300 instrument

FTIR spectra of the powders in KBr pellets were obtained
using a PerkinElmer 2000 spectrometer.

The X-ray photoelectron spectroscopy (XPS) and X-ray
excited Auger electron spectroscopy (XAES) analyses were
carried out using a VG ESCA 3 Mk II electron spectrometer
and Al Ka (1486.6 eV) radiation. The spectra of Si KLL
electrons were excited by Bremsstrahlung radiation. The
powders were sputtered with argon ions under mild conditions
(E ~ 5 keV, I ~ 20 mA, t ~ 5 min) to remove possible
superficial contamination. Calculation of the concentrations of
elements was accomplished by correcting the photoelectron
peak intensities for their cross-sections9 and accounting for the
dependence of the analyser transmission and electron inelastic
mean free paths on their kinetic energies.10 The values for the
binding energies were measured with an accuracy of ¡0.2 eV
and the estimated error of the determined elemental concen-
trations was ¡10%.

X-ray diffraction diagrams of the powders were obtained on
a Philips APD 1700 diffractometer at Cu Ka radiation.

Solid state MAS (magic angle spinning) and cross polariza-
tion (CP) MAS NMR were conducted on a Bruker DSX200
NMR spectrometer in 4 mm or 7 mm broadband probe. 13C
and 29Si were externally referenced to the carbonyl line of
glycine (d ~ 176.03) and to the M unit line of M8Q8 (d ~
11.5), respectively. About 2000 scans were acquired for each
29Si MAS spectrum with a spinning speed of 1500 Hz and a
relaxation time delay of 30 s. 29Si CP MAS spectra acquisitions
required from 1000 to 5000 scans, the spinning speed chosen
was 1500 Hz, the relaxation delay 6 s and CP delay 5 ms. 13C
CP MAS were recorded by about 11000 scans, a spinning speed
of 3500 Hz and a CP delay time of 2 ms.

The Raman spectra were recorded on a PC-controlled
spectrometer coupled with a photomultiplier operating in the
photon counting mode. The exciting beam of an Ar-ion laser
was defocused to diminish the heating of the samples.

Results and discussion

The CW CO2 laser irradiation into gaseous [(CH3)nH32nSi]2O
(n ~ 2,3) disiloxanes yields solid powders whose properties
depend on the irradiating conditions. Typical experimental
parameters and characterization results are compiled in
Table 1.

Typical duration of the irradiation experiments was longer
than 1 h with yields (produced powder/depleted precursor) in
the range of 30–70%. The powder production was higher for
TMDSO than for HMDSO and correlated with the amount of
precursor carried in the reaction zone.

Flame temperature measurements clearly show that focusing

the laser beam allows the temperature to increase. The powders
produced with the focused and unfocused laser beam geometry
possess similar, with one exception, specific surface areas.

Properties of powders

With the unfocused laser beam, the stoichiometry deduced
from XPS analysis (Table 1) of the powders from HMDSO
and TMDSO is very similar: both powders maintain the Si : O
ratio of their precursors and are poorer in carbon than their
precursors.

With the focused laser beam, the stoichiometry of the
powders from HMDSO and TMDSO differs: the powder
from HMDSO shows the same Si : O ratio as the HMDSO
precursor and that from TMDSO has the Si : O ratio sig-
nificantly increased compared with the TMDSO precursor.
These powders contain more carbon than those obtained with
the unfocused radiation and the carbon content in them reflects
the carbon content in their precursors.

The analyses given below reveal that the powders are
composed of different species whose nature is dependent on the
laser beam geometry and not on the precursor structure.

Electron microscopy. All the samples exhibit similar mor-
phology and appear to be composed mainly of grains of round
shape more or less agglomerated in a chain-like manner. The
size of the grains is in the range 40–50 nm for the samples
obtained with the unfocused radiation, whereas that of those
produced with the focused radiation ranges between ca. 20–
30 nm. Fig. 1 presents TEM images of the samples obtained
from TMDSO with an unfocused and focused laser beam. The
smaller size in the latter case is related to the shorter residence
time in the laser beam. Fig. 1b allows the features of the typical
of powders obtained from both precursors to be seen with the
focused laser beam: crystallized particles and elongated
structures similar to carbon ribbons.

FTIR absorption spectra. The FTIR spectra of the powders
obtained with the unfocused laser beam (Fig. 2a,b) possess two

Table 1 Laser synthesis of nanopowders from disiloxanesa

Disiloxane
precursor Laser beam T/uC

Disiloxane
consumption/g h21

Powder
yield/g h21

Conversion
efficiencyb (%) XPS analysis

Powder BET
surface/m2 g21

HMDSO Unfocused 910 2.9 1.0 34 Si1C0.85O0.53 110
HMDSO Focused 2000 2.9 1.6 55 Si1C1.61O0.48 w270
TMDSO Unfocused 1050 11.2 7.8 70 Si1C0.83O0.45 125
TMDSO Focused 2000 11.4 6.7 59 Si1C1.18O0.23 130
aConditions in Experimental. bAs powder yield (g h21)/disiloxane consumption (g h21).

Fig. 1 TEM images of powders from TMDSO (unfocused (a) and
focused (b) laser beam).
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broad bands at 1020 and 843 cm21 (powder from HMDSO)
and at 1008 and 855 cm21 (powder from TMDSO), which are of
about equal absorbance and attributed to n(Si–O) and n(Si–C)
vibrations. They also contain very weak bands at 1260 cm21

and (not shown) 2180 cm21, which are, respectively, due to
d(CH3Si) and n(Si–H) vibrations. The former band indicates an
incomplete decomposition of the precursors.

The FTIR spectra of the powders produced with the focused
laser beam (Fig. 2c,d) have different patterns: that of the
powder from HMDSO consists of absorption bands due to
n(Si–O) (1066 cm21) and n(Si–C) (840 cm21) vibrations with a
relative absorbance ratio An(Si – C) : An(Si – O) ~ 1.4, whereas
that of the powder from TMDSO has just one broad n(Si–C)
band at 821 cm21 with only a n(Si–O) shoulder at ca. 1050 cm21.
Neither of them possesses a contribution from the d(CH3Si)
vibration.

XPS and XAES spectra. The Si(2p) core level binding
energies of the powders produced using the unfocused laser
beam (102.8 ¡ 0.2 eV for the powder from HMDSO and
102.4 ¡ 0.2 eV for the powder from TMDSO, Fig. 3b,d) fall
into the range of values published for polyoxocarbosilanes.11

The Si(2p) spectra of the powders produced using the
focused laser beam (Fig. 3a,c) can be decomposed in two
components (located at 102.4 and 100.6 eV for the powder
from HMDSO and 102.1 and 100.2 eV for the powder from

TMDSO), which can be assigned11 to an Si/C/O arrangement
and silicon carbide, respectively. The presence of SiC is further
supported by the value determined for the Si Auger parameter
(1714.5 eV, defined as the sum of the Si(2p) core level binding
energy and the kinetic energy of the Si KLL Auger electrons)
and the content of Si in SiC in the sputtered powder surface
layers is y70%. The presence of SiC is in agreement with the
IR analysis presented above.

The carbon (sp2/sp3) hybridization ratio can be estimated
using the energy difference between the most positive maxi-
mum and the most negative minimum of the C KLL derivative
Auger spectra.12 A linear relationship between this separation
and the (sp2/sp3) ratio has been suggested.12 The C KLL
derivative spectra of the powders (Fig. 4) and their comparison
with those obtained for diamond and graphite12 confirm that
both powders produced under the unfocused laser beam
contain C(sp3) and C(sp2) atoms in a ca. 1 : 1 ratio, whereas the
spectra of both powders obtained under the focused laser beam
are dominated by the presence of C(sp2) atoms in graphitic
form, which is compatible with the presence of elongated
structures attributed to aromatic carbon in the TEM images.

XRD spectra. The XRD pattern of the powders obtained
under unfocused radiation indicates an amorphous state
(Fig. 5a,b) whereas that of the powders obtained under the
focused radiation (Fig. 5c,d) displays typical peaks at 35u, 60u
and 72u belonging to b-SiC microcrystals. This is in good agree-
ment with IR and XPS measurements.

Fig. 2 FTIR absorption spectra of powders from HMDSO (unfocused
(a) and focused (c) laser beam) and from TMDSO (unfocused (b) and
focused (d) laser beam).

Fig. 3 Si(2p) core level spectra of powders from HMDSO (focused (a)
and unfocused (b) laser beam) and from TMDSO (focused (c) and
unfocused (d) laser beam).

Fig. 4 C KLL X-ray excited derivative Auger spectra of powders from
an unfocused (HMDSO (a) and TMDSO (b)) and a focused (HMDSO
(c) and TMDSO (d)) laser beam and of graphite (e) and diamond (f).

Fig. 5 XRD spectra of powders from HMDSO (unfocused (a) and
focused (c) laser beam) and from TMDSO (unfocused (b) and focused
(d) laser beam).
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NMR spectra. The 29Si MAS NMR spectra for the powders
obtained under the unfocused radiation from HMDSO
(Fig. 6a) and TMDSO (Fig. 6b) consist of a broad band at
20–40 ppm and two other bands centered at 265 ppm and
100 ppm. The broad band covers the region of M (SiC3O, 10–
0 ppm), MH (SiHC2O, 26–28 ppm), X (SiC4, 0–215 ppm) and
D (SiC2O2, 219–222 ppm) units, of D units in strained ring
structures (ca. 235 ppm) and of DH (SiHCO2, 232–237 ppm)
unit. The other two bands are due to T (SiCO3, 255–264 ppm)
and Q (SiO4, 295–2115 ppm) structural units.13,14a

The 29Si MAS NMR spectra for the powders obtained under
the focused radiation from HMDSO (Fig. 6c) and TMDSO
(Fig. 6d) are dominated by a band centred at ca. 216 ppm,
which we assign14b to b-SiC. This assignment is in agreement
with the observations reported above and is supported by the
29Si CP MAS NMR spectra not showing any signal, which
indicates the absence of protons.

The 13C CP MAS NMR spectra of the powders (Fig. 7) show
two signals, one at 120–210 ppm with a sharp maximum at
0 ppm belonging to (CH3)nSi (or possibly15,16 to tetrahedral
SiC4, (Si)CH2(Si), –C–CH2–Si, or Si–CH2–CH2–Si units),
together with a broad band at 120–150 ppm, which is char-
acteristic of sp2 aromatic carbon. Almost unobserved signals
for the powder from TMDSO with a focused beam (Fig. 7c)
seem to indicate a very low content of both aromatic and
aliphatic carbons with proximal protons.

Raman spectra. Raman spectra (Fig. 8) give supporting
evidence on the forms of the incorporated carbon. They reveal
that both powders produced under the unfocused laser beam
conditions contain strongly disordered carbon having a
characteristic bifurcated band with maxima at 1362 cm21

(band D) and 1570 cm21 (band G). Both powders obtained
with the focused laser beam show well separated D (1338 cm21)
and G (1574 cm21) bands characteristic of polycrystalline or

microcrystalline graphite. We note the occurrence of a two
phonon band (2400–3300 cm21) and a small shift of this and
the D band to lower wavenumbers, which is likely due17 to
incorporation of SiC-like structures.

The different analyses reported here reveal that the proper-
ties of the powders produced with the focused and unfocused
laser beam geometry are different.

The powders produced from HMDSO and TMDSO under
the unfocused radiation at ca. 1000 uC have their stoichiometry
ca. Si1C0.8O0.5 and are composites of carbon and polyoxo-
carbosilanes. The contained polyoxocarbosilanes are poorer in
carbon and hydrogen than their precursors, but contain some
CH3(Si) groups due to incomplete decomposition of the
precursor. Although these materials maintain the Si : O ratio
of their precursors, they incorporate different SiOxC(H)42n

configurations as observed previously6 for powders synthesized
from HMDSO used as an aerosol.

The powders obtained by the focused irradiation into
HMDSO and TMDSO at ca. 2000 uC are composites of
polyoxocarbosilane, graphite and crystalline silicon carbide.
Due to the higher temperature, the polyoxocarbosilanes do not
contain CH3(Si) groups. The stoichiometry of these compo-
sites—Si1C1.61O0.48 (from HMDSO) and Si1C1.18O0.23 (from
TMDSO)—is different and the powder from HMDSO contains
less SiC even though HMDSO is richer in C than TMDSO.

Chemistry involved

The high temperatures make possible a number of decomposi-
tion steps for the disiloxanes. At 1000 uC, there is enough
energy for cleavage of all the Si–C (ca. 370 kJ mol21), C–H
(ca. 410 kJ mol21), Si–H (ca. 380 kJ mol21) and Si–O (ca.
530 kJ mol21) bonds and also for inducing three-center
elimination of silylenes and carbenes (y250–300 kJ mol21,
refs. 18–20). We presume that the primary steps are Si–C and
Si–H bond homolysis yielding Si-centered radicals along with
1,1-[CH4] extrusions21,22 yielding silylenes. The Si-centered
radicals can decompose into5 very reactive silanones

(CH3)n21H32nSi?–OSi(CH3)nH32n A
(CH3)n21H32nSiLO 1 ?Si(CH3)nH32n

which undergo polymerization,

n(CH3)nH22nSiLO A –[(CH3)nH22nSi–O]n–

or take part, together with silylenes, in agglomeration reactions

Fig. 6 29Si MAS spectra of powders from HMDSO (unfocused (a) and
focused (c) laser beam) and from TMDSO (unfocused (b) and focused
(d) laser beam).

Fig. 7 13C NMR spectra of powders from HMDSO (unfocused (a) and
focused (c) laser beam) and from TMDSO (unfocused (b) and focused
(d) laser beam).

Fig. 8 Raman spectra of powders from HMDSO (unfocused (a) and
focused (c) laser beam) and from TMDSO (unfocused (b) and focused
(d) laser beam).
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through insertion of silanones into the Si–O and of silylenes
into the Si–H bonds of intermediates. These reactions yield
various polyoxocarbosilanes, which undergo Si–C/Si–O and
Si–H/Si–O scrambling to different SiC(H)xO42x configura-
tions.1b,4d,23 The observed carbon phases are evidently
produced via a number of combination and dehydrogenation
steps of the initially liberated methyl radicals.

At 2000 uC, the above-assumed reactions are accompanied
by formation of silicon carbide. There are two possible routes
for its formation, namely Si–O/Si–C redistribution yielding
SiC4 units,23 and carbothermic reduction24 of the polyoxo-
carbosilane network with excess of free carbon phase.1b,4d

Both routes are already accessible at ca. 1400 uC. The higher
temperature decreases the content of hydrogenated structures
and induces formation of graphite. The higher content of
carbon in these deposits indicates that methyl units were more
efficiently carbonized (and obviously yielded less volatile
hydrocarbons). The higher content of SiC from TMDSO
reveals that its formation is enhanced by the presence of the
(Si)–H bonds.

Inferences

We reveal that CW CO2 laser irradiation into hexamethyl-
disiloxane and 1,1,3,3-tetramethyldisiloxane at 1000 uC (un-
focused laser beam) yields nanosized Si/C/O–carbon
composites and that that irradiation at 2000 uC (focused
laser beam) affords SiC–Si/C/O–graphite composites.

The results demonstrate for the first time that direct
production of silicon carbide is feasible from disiloxanes,
which can make the above-reported approach preferable to
those using conventional thermolysis of specially synthesized
oligomeric and polymeric crosslinked siloxanes.1 The above-
reported procedure for SiC production can easily be scaled-up6

by using a higher laser power and a faster Ar–disiloxane flow to
yield larger amounts of nanoparticles by a continuous method.

The results add to our studies of IR laser thermolytic
conversion of disiloxanes to polyoxocarbosilane phases using
pulsed IR laser irradiation5 into gaseous disiloxanes, and of
CW laser-interaction with disiloxane aerosol6 and show that
CW high energy density irradiation is more effective for
formation of silicon carbide than high energy laser irradiation
delivered5a,5d,25 in short pulses.

Polyoxocarbosilane and carbon phases produced at 1000 uC
are likely intermediates to SiC and graphite phases produced
at 2000 uC; this makes them suitable4d binder materials
for ceramic powders in the preparation of sintered ceramic
monoliths.
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