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a b s t r a c t

Thermal decomposition of new silsesquioxane materials [(Me3Si)3CSiMe2CH2CH2SiO3/2]n (PTSiSS), substi-
tuted with sterically hindered carbosilane groups, was studied in an inert atmosphere (N2) and air. It was
found that a specific degradation of carbosilane moieties occurs at high temperatures. A ceramic residue
ccepted 21 April 2009
vailable online 3 May 2009
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was obtained > 900 K both in nitrogen (SixOyCz) and air (SixOy). Thermal rearrangements in the structure of
polyhedral and ladder-like PTSiSS were studied, and related to those observed for a polymethylsilsesquiox-
ane resin (PMSS) of regular ladder-like architecture. Thermally induced transformations were evaluated
by TGA(DTA)-MS, FTIR, NMR, XRD and SEM.

© 2009 Elsevier B.V. All rights reserved.
ris(trimethylsilyl)methane

. Introduction

Polyhedral silsesquioxane units introduced into polymeric
anocomposite materials can improve their thermal, mechani-
al and dielectric properties [1–10]. The investigation of their
ecomposition at high temperatures can provide an insight into
he system stability and explain the mechanism of conversion
nto a ceramic material [11]. Thermolysis of various octahedral
12–17] and polymeric [18–30] silsesquioxanes has been thus stud-
ed. Completely condensed octahedral POSS {T8

R, R c-C6H11 [12],
nH2n+1 (n = 2–10) [13], Me, Vi, i-Bu, i-Oct [14], CH2CH2OCH2CH2Cl
15], OSiMe2H [16], OSiMe2CH2CH2Ph [17]} were found to sub-
ime on heating in an inert atmosphere. It was shown that on
ncreasing the length of alkyl chain from C2 to C10 in octahedral
OSS the weight loss onset (due to volatilisation and decom-
osition) shifted to higher temperatures [13]. Octahedral POSS
ith simple organic substituents that do not sublime at ele-

ated temperatures in N2 can be found among these tending
o form chars of aromatic structure on decomposition. T8Ph is
hermally stable up to 620 K in N2 and leaves 70% of ceramic
esidue > 1000 K [14]. Acetoxyphenyl and hydroxyphenyl substi-
uted POSS, capable of hydrogen bonding, gave respectively 60%

nd 70% char yields at 1100 K [17]. Very recently we have reported
reparation of a new type of hybrid silsesquioxane materials
[(Me3Si)3CSiMe2CH2CH2SiO3/2]n (PTSiSS) – bearing a sterically

indered tris(trimethylsilyl)methyl (TSi)-type ligands [31] .They

∗ Corresponding author. Tel.: +48 4268 03203; fax: +48 4268 47126.
E-mail address: anko@cbmm.lodz.pl (A. Kowalewska).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.04.016
are built of octahedral or ladder-like silsesquioxane framework
surrounded by nonpolar carbosilane ligands. Contrary to com-
mon octahedral T8 molecules, [(Me3Si)3CSiMe2CH2CH2SiO3/2]8
(PTSiSS-I, Scheme 1) do not sublime on heating in nitrogen atmo-
sphere. Comparative thermogravimetric analysis [32] of octahedral
silsesquioxanes functionalized with typical organic groups (Me,
Vi, Ph) and PTSiSS-I points out to the unique properties of the
latter. Bulky TSi groups were already shown to provide an excep-
tional steric protection to polymeric systems, resulting in an
effective separation of polymeric chains and a substantial decrease
in their mobility [33–38]. Consequently, an improved material
performance, glass transition temperature increase and ther-
mal resistance enhancement are observed. Octahedral, crystalline
(PTSiSS-I) and ladder-like, polymeric (PTSiSS-II) silsesquioxanes
bearing TSi groups were thus examined for the structural changes
occurring during their thermolysis.

It is known that the steric strain within TSi ligand is decreased
by a specific arrangement of Me3Si-substituents about the cen-
tral carbon atom [39–41]. Due to the significant difference in the
length of Si C bonds within TSi moiety (inner Si Cq and outer
Si CH3), breaking of the former was found to be more feasible
during UV-laser induced decomposition of siloxanes with side
tris(trimethylsilyl)hexyl groups [35]. The difference in the bond
length between inner Si Cq and outer Si CH3 in TSi moiety is
also the cause of a particular thermal transition and heat capac-

ity change in PTSiSS. Combined DSC and variable temperature NMR
(29Si and 13C) methods indicated an increase in mobility of Me3Si
groups above this temperature [31]. The finding was thought to be
of importance for the mechanism of thermolysis of PTSiSS. Accord-
ingly, it was expected that C SiMe3 bonds would break easily at

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:anko@cbmm.lodz.pl
dx.doi.org/10.1016/j.tca.2009.04.016
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Scheme 1. Structure of PTSiSS-I.

igh temperatures. Such an easy decomposition of the carbosilane
oiety (with formation of volatile products) in a POSS-type mate-

ial could give a possibility for high temperature studies of Si O Si
onds rearrangement in a completely inorganic system of a well-
rganized structure. The study of the thermal decomposition of
wo available types of PTSiSS [octahedral PTSiSS-I and polymeric,
adder-like PTSiSS-II (Scheme 2)] in comparison to a ladder-like
olymethylsilsesquioxane [PMSS (Scheme 3)] was thus undertaken.
he chars were analyzed by NMR, XRD, FTIR and SEM. The volatile
roducts of thermolyses were identified by TG(DTA)-MS studies.

. Experimental section

.1. Characteristics of the used silsesquioxane materials

PTSiSS were obtained as previously reported [31]. PTSiSS-I is
omposed of regular, crystalline octahedral species (characteristic
RD lines at 2�=5.96o and 2�=11.86o). Polymeric PTSiSS-II shows

wo characteristic broad lines in its XRD spectra, corresponding to

pacing of 17.3 ´̊A (2� = 5.1◦) and 7.5 ´̊A (2� = 11.8◦). Degree of hydrol-
sis of alkoxysilyl groups in PTSiSS-II by 1H NMR = 98.4%, molecular
eight MnRI = 1500 D, PDIRI = 1.1, MnMALLS = 3900 D, PDIMALLS = 1.0.

lamellar order with spatial arrangement of 4.1 nm was found in

TSiSS-II (SAXS).
PMSS was obtained by hydrolytic condensation of 2,4,6,8-

etraethoxy-2,4,6,8-tetramethylcyclotetrasiloxane, carried out in
tOH and catalyzed by tetrabutylammonium fluoride [42,43]. The

Scheme 2. Ceramization of [tris(trimethylsilyl)methyl]d
Scheme 3. Ceramization of a polmethylysilsesquioxane (PMSS) containing 4-fold
siloxane rings in its structure.

used method allows for preparation of PMSS of regular ladder-like
structure. Prior to the thermal analysis, PMSS was purified from
traces of octahedral methylsilsesquioxane (CH3SiO3/2)8 which were
removed by its careful volatilisation at 370 K under high vacuum.

2.2. Analysis and general methodology

Solid state MAS NMR spectra were recorded on a Bruker MSL-
300 MHz spectrometer (59.6 MHz for 29Si and 75.5 MHz for 13C)
using a Bruker CP MAS probe with a 4 mm zirconium rotor. The peak
positions were referenced to the signal of Q8M8 (trimethylsilyl ester
of cubic octameric silicate) standard.

The structure was detected by wide-angle X-Ray powder diffrac-
tion measurement (WAXS) performed using Philips X’Pert Pro MD
diffractometer. Radiation used was Cu K�1 line monochomatized
by Ge(1 1 1) monochromator. Standard Bragg–Brentano geometry
with �–2� setup was applied (0.008◦ step size and 5–90◦ 2�
range). Small-angle X-ray scattering (2D SAXS) measurement was
carried out using a 1.1-m-long Kiessig-type camera, equipped with a
pinhole collimator and coupled to an X-ray generator (sealed-tube,
fine-point Cu K�-filtered source operating at 50 kV and 35 mA).

FTIR spectra were recorded with FT-IR ATI Mattson Spectrome-
ter. Samples were prepared with the standard potassium bromide
pellet technique.

Thermogravimetric analyses were performed by the use of a TGA
2950 Thermogravimetric Analyzer (TA Instruments) in nitrogen or
air atmosphere (heating rate 10 K/min). Thermolysis, in the flow
of N2 or air, of all studied samples was carried out under TGA set
conditions (heating rate 10 or 20 K/min, as specified in the text)
using TGA 2950 with a platinum heating pan.

The analysis of gaseous products of decomposition was carried
out using a quadrupole mass spectrometer (QMD 300 Thermostar
Balzers) connected on-line with SDT 2960 apparatus (TA Instru-
ments) by a heated quartz capillary. Samples were heated to 1270 K
(10 K/min) in a standard platinum sample pan. The experiments
were carried out in dynamic flow of helium [99.999%, however the
spectrometer detected a certain amount of H2O (m/z = 18 and 17)

as well as O2 (m/z = 32 and 16)] or in synthetic air (<15 ppm H2O).
The gas flow rate was 5 dm3/h and the volume of thermoanalyzer
was 0.06 dm3. The mass spectrometer was operated with an elec-
tron impact ionizer with energy 0.112 aJ (70 eV). Mass spectra were
recorded for m/z range 10–99.

imethylsilyl-silsesquioxanes at high temperatures.
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Scanning electron microscopy was performed using SEM scan-
ing electron microscope JSM-5500 LV (Jeol) apparatus with
amples attached to brass supports using an adhesive tape, and
heir surface was sputter-coated with gold.

Optical images of the films were taken using a digital CCD camera
n a Nikon Eclipses E400 POL microscope.

. Results and discussion

Due to the specific structure of PTSiSS, having mixed car-
osilane and silsesquioxane characteristics, thermolysis of PTSiSS,
hould be examined taking into account the distinct character
f these constituents. Pyrolysis of carbosilane materials as sili-
on carbide precursors has been well studied [11]. For example,
orriu and co-workers have shown that the thermal degradation
f poly(dimethylsilylethylene) (PDMSE) under argon atmosphere
roceeds by a random chain scission via a simple free-radical mech-
nism at 700–800 K [44]. The rate of thermolysis of covalent bonds
nto radicals is governed by their dissociation energy [45]. Con-
idering a significant length difference between inner Si C and
ateral Si CH3 bonds in TSi moiety, [40,41] a preferential degra-
ation of the former might be expected. Besides Si C bonds fission
lso redistribution of Si O and Si C bonds can be anticipated dur-
ng the ceramization of PTSiSS. The decomposition pathways of
TSiSS were thus compared to these observed for a ladder-like poly-
ethylsilsesquioxane, and studied by TGA/DTA, TG-MS and FTIR

echniques, both in inert and oxidative atmosphere.

.1. Thermogravimetric analysis of
(Me3Si)3CSiMe2CH2CH2SiO3/2]n and (MeSiO3/2)n

The thermal characteristics of the studied materials proved their
ifferent stabilities. PTSiSS were found to be thermally stable (5%
eight loss was detected only at about 700 K under N2) and a sub-

tantial char residue (∼24% for PTSiSS-I and 33% PTSiSS-II) was left
t 1200 K in N2. The results obtained in N2 (Fig. 1) indicate that
he one stage decomposition of both PTSiSS-I and PTSiSS-II occurs
harply with an onset at 670 K and a steady rate between 680 and
00 K. The maximum velocity of weight decrease corresponds to
he temperature of Si C bonds scission (∼720 K) [44]. PMSS is less
hermally stable than PTSiSS. Its decomposition starts at tempera-
ures lower of 100 K than it was observed for PTSiSS. The multiple

tep weight loss of PMSS corresponds to the literature data (con-
ensation of residual silanol groups and evolution of H2 and CH4)
18,23,26].

Experiments carried out in air (Fig. 2) showed that a sample of
MSS lost its initial weight in two steps, with the respective weight

ig. 1. Thermal decomposition of PTSiSS-I, PTSiSS-II and PMSS in N2 (10 K/min).
Fig. 2. Thermal decomposition of PTSiSS-I, PTSiSS-II and PMSS in air (10 K/min).

loss rate maxima at 583 and 733 K. PTSiSS decompose in a different
manner and the rate of thermal oxidation varies slightly for crys-
talline and ladder-like species. The weight reduction of PTSiSS-I and
PMSS was smaller in air to that in N2 (chars of 39% and 80% were left,
respectively). PTSiSS-II left 33% residue at 1200 K. Whereas almost
all PMSS was oxidized to silica in air (89.5% residue in theory calcu-
lated for conversion of all silicon atoms into SiO2), for both PTSiSS
the residue is too small to prove oxidation of all Si-containing mate-
rial into silica (calculated 81.2%). A partial degradation on oxidation
must have occurred. The formation of volatiles on decomposition of
PTSiSS above 570 K in air can be also easily observed using an opti-
cal microscope with a heating plate [32]. A thin layer of PTSiSS-II
was stable up to ∼570 K and its melting was not observed. Once the
temperature of 570 K was reached, the sample softened and volatile
products of its decomposition foamed the material completely over
a short time.

3.2. Analysis of gaseous products formed during thermal
decomposition

The composition of volatiles formed during the thermal degra-
dation of PTSiSS was studied using a mass spectrometer connected
on-line with a TGA apparatus. It enabled simultaneous recording
of sample weight decrease and the change of ion current signals
during the decomposition. Thermolysis of PTSiSS-I, PTSiSS-II and
PMSS, both in an inert gas atmosphere (helium) and air was car-
ried out and mass spectra were recorded for m/z in the range
10–99. A possible mechanism of thermal degradation of PTSiSS was
proposed (Scheme 4). Contrary to our expectations, no increase
for ion current corresponding to m/z = 59, 60, 73, 74, which could
indicate the species formed due to C SiMe3 bonds breaking was
observed in helium nor air. Instead, ion currents for m/z equal to
15 (CH3

+), 16 (CH4
+), 18 (H2O+) and 28 (C2H4

+) were recorded in
helium for both PTSiSS and PMSS (Figs. 3a, 4a and 5a). Ion current
of m/z = 28 could be also an indicator of CO+, but since no signal was
observed for CO2

+ (m/z = 44) and the intensity of peak correspond-
ing to C2H3

+ (m/z = 27) is quite similar to m/z = 28, it seems more
appropriate to ascribe m/z = 28 to C2H4

+, formed by recombination
of radicals [46]. TG-MS spectra recorded for PTSiSS-I and PTSiSS-II
are almost identical (Figs. 3a, 4a). The average weight decrease at
1000 K was 68%, which means that a substantial volume of volatiles
was formed during the single stage degradation at 700–800 K.
Development of CH + and CH + was observed within the tem-
3 4
perature range of 750–1100 K, but the intensity of the respective
ion currents was rather low. It suggests that the major part of
volatiles was not detected by the spectrometer (their m/z > 99).
The observed sample weight reduction matches the one calcu-
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Scheme 4. The proposed free-radical mechanism of decomposition of PTSiSS.
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ig. 3. Thermogravimetric and mass spectrometry results of gaseous products form
elium (10 K/min), (b) in air (10 K/min).

ated for a complete abstraction of (Me3Si)3C-groups from PTSiSS

Table 1). Such a selective fission of inner Si C bonds, preceding
he cleavage of lateral Si CH3 bonds, was observed during pyroly-
is of PDMSE [44]. The amount of CH3

+ and CH4
+ increases >720 K.

t can be explained by condensation of the primary degradation
roducts in upper parts of the heating chamber, and their sub-

ig. 4. Thermogravimetric and mass spectrometry results of gaseous products formed du
elium (10 K/min), (b) in air (10 K/min).
ring decomposition of PTSiSS-I, as a function of thermal curing temperature (a) in

sequent decomposition on heating, without the mass decrease in

pyrolysed sample. A similar explanation was proposed for evolu-
tion of volatiles after a complete thermal degradation of PDMSE
[44].

Thermal behaviour of PMSS is typical to a CH3SiO1.5 resin [23,26].
The weight of a sample decreases by 34% after the thermal decom-

ring decomposition of PTSiSS-II, as a function of thermal curing temperature (a) in
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ig. 5. Thermogravimetric and mass spectrometry results of gaseous products for
elium (10 K/min), (b) in air (10 K/min).

osition (Fig. 5a). The first weight loss wave for PMSS, at the
emperature range of 600–810 K, corresponds to condensation of
he residual silanol groups and H2O (m/z = 18) removal. At the same
emperature signals of m/z = 26, 27, 28 and 29 slightly increase. Ion
urrents corresponding to products formed by Si CH3 bonds rup-
ure [m/z = 15 (CH3

+) and 16 (CH4
+)] occur at 800–1100 K. According

o the literature data H2 can be also evolved due to the fission of
H bonds in this temperature range [26]. The intensity of CH3

+

nd CH4
+ exceeds these observed for PTSiSS, in spite of the relatively

maller amount of Si CH3. It supports the postulated decomposi-
ion path for PTSiSS with formation of CH3

+ and CH4
+ only during a

econdary degradation process.
TG-MS analysis of the volatiles released in the oxidative atmo-

phere (Figs. 3b, 4b and 5b) proved significant differences in the
hermal resistance of both types of PTSiSS and PMSS under the
pplied conditions. The temperature for the main decrease of the
ample weight is similar (500–900 K) and the same gaseous species
re formed within the temperature range. For all samples CO2

+

m/z = 44) and H2O+ were the main decomposition products, which
oints to selective oxidation of Si C and C H bonds. In the case of
TSiSS a development of CH3

+ (m/z = 15) was noted, with maximum

f concentration at ∼730 K (H2O+ and CO2

+ are still the major com-
onents among the detected volatiles). For PMSS a large exothermic
ffect was observed at this point. The temperature in the heating
hamber increased of ∼20 K, which caused an automatic switch off
f the heating program (initially set for 10 K/min) and some fluctu-

able 1
omposition of the products of thermal degradation of [(Me3Si)3CSiMe2CH2CH2SiO3/2]n .

ample Wt% Calculateda

C [% wt]

TSiSS-II – –
TSiSS-IIb – –
TSiSS-IIc – –

(Me3Si)3CSiMe2CH2CH2SiO3/2]n 100 45.46
–CSiMe2CH2CH2SiO3/2]n 40.6 39.96
–SiMe2CH2CH2SiO3/2]n 37.4 34.74
–CH2CH2SiO3/2]n 21.7 29.98
–CH2SiO3/2]n 17.9 18.17
–SiO3/2]n 14.1 0.00

MeSiO3/2]n 100 17.89
–SiO3/2]n 77.6 0.00

t%—weight % calculated in respect to the parent silsesquioxane.
a Calculated wt% for completely condensed structures.
b Heated in N2 flow.
c Heated in air flow.
uring decomposition of PMSS, as a function of thermal curing temperature (a) in

ations in ion currents. The rapid increase in their amount suggests
an acceleration of C H bond oxidation. Such a rapid oxidation of
alkyl moieties in silsesquioxane systems was already described by
Wang et al. [22]. They reported a simultaneous cleavage and oxi-
dation of alkyl groups in ladder polyepoxysilsesquioxanes, with
oxidation intensified once the cleavage was completed. For PTSiSS
the intensity of ion currents indicating formation of CH3

+, CO2
+

and H2O+ seems to depend on the silsesquioxane structure. Their
maximum concentrations occur for both PTSiSS at 600–700 and
700–800 K. However, for octahedral PTSiSS-I the thermal oxidation
begins sharply at 596 K and for ladder-like PTSiSS-II it is much less
intense. The distinct oxidation rates of PTSiSS and PMSS may be due
to the different stability of silsesquioxane and carbosilane systems.
The primary oxidation (600–700 K) occurs probably at only a part
of methyl groups within (Me3Si)3C moiety, whereas the increase
in respective ion currents at 700–900 K involves also oxidation of

SiCH2CH2Si units.

3.3. FTIR characteristics of structural rearrangements in
thermally cured silsesquioxanes
The studied silsesquioxanes show characteristic IR vibrations
before the thermal curing (Table 2). After thermolysis of PTSiSS in N2
and air at 1200 K, IR spectra of both products substantially changed
[32]. The Si–O–Si vibrational mode moved towards lower wave-
lengths. In order to understand the transformations which took

Found

H [% wt] C [% wt] H [% wt]

– 41.61 9.93
– 21.03 1.09
– 2.77 0.71

10.08 – –
6.71 – –
7.29 – –
5.03 – –
3.05 – –
0.00 – –

4.51 – –
0.00 – –
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Table 2
FTIR absorptions for studied silsesquioxanes.

Frequency of IR band [cm−1]

Vibrational assignments Sample PTSiSS-I PTSiSS-II PMSS (a) (b)

v(C–H) a 2960 2961 2976 – –
v(C–H) s 2896 2896 2912 – –
�(Si–H) – – – 2100 –
�(Si–CH3) a 1408 1408 1410 – –
�(Si-CH3) s 1261 1261 1273 1260 –
�(SiCH2CH2Si) 1146 1146 – – –
�(Si–O–Si) a 1121 1117 1127 1055–1114 1060-1110
�(Si–O–Si) s – 1065 1038 – –
�(Si–CH2–Si) – – – 1055 –
�(Si–OH) – 950 960 – –
�(Si–O) – – – 784–807 784–807
�(Si–CH3) 855 855 778 – –
v(Si–C) 674 674 – – –

(a) New IR bands found in samples cured in N2.
(b) New IR bands found in samples cured in air.
v—stretching, �—deformation, �—rocking, �—wagging, a—antisymmetric, s—symmetric.

Fig. 6. FTIR spectra of PTSiSS-I, as a function of thermal curing temperature (a) in N2 (20 K/min), (b) in air (20 K/min).

Fig. 7. FTIR spectra of PMSS, as a function of thermal curing temperature (a) in N2 (20 K/min), (b) in air (20 K/min).
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were carried out using a sample of PTSiSS-II. Si and C MAS
NMR of products (Figs. 8 and 9) indicated structural changes
in the studied material and the removal of TSi-group at high
temperatures. Resonance lines corresponding to silicon atoms
in (Me3Si)3CSiMe2CH2CH2-groups of PTSiSS substrate (2.7 ppm
A. Kowalewska et al. / Therm

lace during the thermolysis of PTSiSS and PMSS, both in inert and
xidative atmosphere, it was necessary to study the structure evo-
ution of the obtained chars. The samples of crystalline PTSiSS-I as

ell as ladder-like PTSiSS-II and PMSS were thus heated in N2 and
ir to selected temperatures, corresponding to significant changes
hat were observed during TG-MS analysis. The respective chars
ere collected and their FTIR spectra were recorded (Figs. 6 and 7

nd [32]).

.3.1. Pyrolysis in an inert atmosphere
Fig. 6a shows changes in FTIR spectra of PTSiSS-I as a func-

ion of the temperature of curing in N2. Sample collected at 773 K
orresponds to the largest weight decrease [63%, calculated for
total abstraction of (Me3Si)3C-groups (Table 1)]. Its FTIR spec-

rum proved a substantial diminishing of the amount of carbosilane
ubstituents [decrease in v(C–H), �(Si–CH3) and �(Si–CH3)]. These
esults correspond to TG-MS data, and can support the thesis of a
apid abstraction of carbosilane groups at ∼720 K. A small amount
f Si–H groups was found in the product heated up to ∼770 K. The
roposed mechanism of thermolysis of PTSiSS (Scheme 4), simi-

ar to that proposed for degradation of poly(dimethylsilylethylene)
44], involves the homolytic cleavage of Si–C bonds, followed by
ydrogen abstraction from C–H bonds and formation of Si–H. Con-
omitant transformations can give also Si–CH2–Si and Si–CH3
inkages. IR bands corresponding to Si–H and Si–CH3 were
bserved at 2100 and 1260 cm−1 in the material heated at 773 K
Fig. 6a). Formation of a cross-linked network of a regular arrange-

ent of Si–O–Si bonds was evidenced during the initial stages
f thermolysis. Sharp �(Si–O–Si) band in the octahedral substrate
hifted to lower frequencies and became broader. Two new bands
ppeared as its shoulders at 1055 and 1010 cm−1. The former can
e related to Si–CH2–Si units [47] and the latter to v(Si–O–Si)

n the cross-linked network [30]. At 773–873 K the weight of the
ample decreased by another 11%. The majority of Si–O–Si bonds
re still arranged in a cage-like network [�(Si–O–Si) is placed at
1110 cm−1]. The weight loss at 873–1073 K, corresponding to CH4
volution in TG-MS, is insignificant. However, the transformation of
iloxane bonds into an extended system with a loss of cage struc-
ure is evident. A similar behaviour was noted for PTSiSS-II, [32]
hich also lost most of carbosilane groups at ∼720 K and its ladder-

ike structure gradually turned into a SixOyCz network. The char
btained from PTSiSS at 773 K was transparent and almost colour-

ess. The increase in the temperature gave the cured samples brown
o black colour. It was also noted that the collected chars adhere well
o the surface of the platinum pan they were heated in. The strength
f adherence decreased with the curing temperature as the chars
ecome more brittle.

Thermal decomposition of PMSS containing four-fold siloxane
ings in its structure proceeds differently to those observed for
TSiSS (Fig. 7a). Only 10% sample weight decrease was noted up to
700 K and any Si–H groups were detected in the FT-IR spectrum of

he char obtained at this temperature. Polycondensation of residual
ilanol groups takes place at 600–770 K, which corresponds to H2O
volution in TG-MS. �(Si–O–Si) modes changed on heating, indicat-
ng a decrease in structure regularity >800 K. A small amount of Si–C
onds is present even at 973 K. A similar behaviour was reported
or other PMSS resins [23,26].

.3.2. Thermolysis in an oxidative atmosphere
In air PTSiSS-I undergoes structural transformations at much

ower temperatures than in N2 (Fig. 6b, [32]). Cross-linking begins

t ∼580 K, which is indicated by a broadening of �(Si–O–Si)
and. However, (Me3Si)3CSiMe2CH2CH2Si–groups were not much
ffected, judging from only a partial decrease of �(C–H), �(Si–CH3)
nd �(Si–CH3) absorption bands. In spite of oxidation of H–C bonds
nd rupture of some Si–CH3 linkages (formation of H2O+, CO2

+

Fig. 8. 29Si MAS NMR spectra of PTSiSS-II (a) before and after ceramization (10 K/min)
in (b) air and (c) N2.

and CH3
+ indicated by TG-MS), –SiCH2CH2Si– units remain intact,

which is proved by the presence of �(CH2) band in the char up to
673 K. Si–H groups are not formed during the thermooxidation. At
high temperatures (>900 K), a transformation of organized silox-
ane structures into a random silica network occurs. The residue
obtained at 1073 K in air exceeds the one formed in the inert
atmosphere due to oxidation of carbosilane groups into silica. The
structural conversion of PMSS at 500–730 K in air (Fig. 7b) proceeds
similarly as in N2 atmosphere. However, the exothermic oxidation
recorded by TG-MS at ∼740 K induces some differences in the struc-
ture of chars. Instead of gradual development of new Si–O–Si bonds,
a less regular network is formed >800 K in air.

3.4. Structural studies (NMR, XRD, SEM) of ceramic products
obtained by thermolysis of PTSiSS-II

High temperature (1200 K) pyrolysis and thermooxidation
29 13
Fig. 9. 13C MAS NMR spectra of PTSiSS-II (a) before and after ceramization (10 K/min)
in (b) air and (c) N2.
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iMe2, −1.4 ppm SiMe3) disappeared. MAS NMR spectra of the chars
btained in N2 and air differ substantially. Broad resonances, that
an prove a decrease in order in the material structure and forma-
ion of cross-linked SixOyCz network, appeared in the char obtained
n N2 (Fig. 8). 29Si MAS NMR spectrum of the char shows at least
hree {−29 ppm D [(SiO2)SiC2], −71 ppm T3 [(SiO)3SiC], −105 ppm

[(SiO)4Si]} of the five possible Si structural units [48–50]. It con-
rmed that redistribution reactions, involving Si–O and Si–C bonds,

ook place in N2 during the polymer-to-ceramic transformation.
9Si MAS NMR of the corresponding sample obtained in air shows
ne dominating and relatively sharp peak at −105 ppm {along with
minor one ∼−60 ppm [T2, (HO)(SiO)2SiC]} [51]. It indicates an

lmost complete Si–C bond scission in air under the studied con-
itions. The shape of Si–O–Si IR bands in two ceramic products
lso differed substantially [32]. It confirms the different nature of
eramic network obtained in N2 and air, shown by 29Si MAS NMR.

13C MAS NMR (Fig. 9) exhibits a broad peak ∼140 ppm, char-
cteristic to free amorphous sp2 carbon phase [21,27,48,52]. The
eaks corresponding to Si–CH3 groups are no longer present in the
liphatic C range, except a set of broad peaks of low intensity that
an be seen in the range 10–30 ppm. They can indicate the prod-
cts of Si–O and Si–C bonds redistribution at high temperatures
21,27,48,49]. For both samples, cured in N2 and air, a broad peak
hifted upfield to the resonance of free amorphous carbon was
resent (centred at ∼100 ppm). Resonances of C–O–Si and C CH

inkages in silicon–carbon unsaturated compounds formed during
hermolysis of acylpolysilanes [53,54] as well as these of di-O-alkyl
roups [55] can be found in this region. Oxidation during pyroly-
is in N2 can be explained by the reaction with trace amount of
oncomitant oxygen [19,56].

Elemental analysis has proved a substantial decrease in the con-
ent of carbon and hydrogen in both chars (Table 1). The carbon
oad in the char obtained in N2 is quite significant (50% of the origi-
al value) contrary to the hydrogen amount (respectively 11%). Due
o the formation of CO2, the amount of free carbon residue in the
har formed in the oxidative atmosphere is much lower (7% of the
mount found for the substrate, accompanied by 93% decrease in
he hydrogen content). The results confirm the postulated forma-
ion of SixOyCz network in the inert atmosphere, and correspond to
he detected free amorphous carbon phase.

PTSiSS-II before thermolysis has two broad Bragg halos, which
n polymeric silsesquioxanes can be an indicator of a ladder-like
rganization of siloxane bonds [57,58]. The intramolecular chain-
o-chain distance [i.e. the width of each double-chained ladder-like

olecule] in PTSiSS-II is close to 17.3 ´̊A, whereas the spacing of 7.5 ´̊A
orresponds the average thickness of the ladder-like polymer. A pre-
iminary SAXS measurement showed also a lamellar arrangement
f 4.1 nm in PTSiSS-II. The order in PTSiSS-II was completely lost after
he thermolysis. The ceramic materials obtained at 1200 K, both in
2 and air are amorphous [32].

. Conclusion

Thermal degradation of a new class of hybrid materials,
arbosilane–silsesquioxanes (PTSiSS) has been studied. PTSiSS are
hermally stable up to ∼700 K in N2 and ∼580 K in air. The studies
ave shown that contrary to the UV-laser induced photolysis of TSi
roup, PTSiSS do not decompose at high temperatures by selective
egradation of Cq–Si bonds in TSi moiety and loss of Me3Si-groups.

nstead, free-radical abstraction of (Me3Si)3CSiMe2- unit from the

ctahedral or ladder-like silsesquioxane was detected by FTIR, and

ndirectly confirmed by TG-MS. Above 900 K the transformation of
iloxane bonds of PTSiSS into SixOyCz materials occurs in N2 and
nto SixOy in air. Ceramics obtained from PTSiSS (both in air and
n N2) are monolithic materials. The decomposition pathway has

[
[
[

[
[

ica Acta 494 (2009) 45–53

an effect for the carbon content in the ceramic product obtained
from [(Me3Si)3CSiMe2CH2CH2SiO3/2]n. Additionally, evolution of
volatiles formed during decomposition of TSi group can increase
the porosity of SixOyCz char.
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