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Abstract Ethyoxyl-phenyl polyhedral oligomeric
silsesquioxane (DOPO) was synthesized at first and then
copolymerized with polydimethylsiloxane (PDMS) and final-
ly cured to prepare room temperature vulcanized (RTV) sili-
cone rubber (b-POS-SiR). Their structures and properties are
characterized and evaluated by fourier transform infrared
spectroscopy (FT-IR), nuclear magnetic resonance (NMR),
wide angle X-Ray diffraction (WAXD), and dynamic mechan-
ical analysis (DMA). The thermal degradation mechanisms
are investigated via thermal gravimetric analysis (TGA)
coupled with FTIR analyses. The results show, that the ther-
mal degradation temperatures (5 mass % loss) of the b-POS-
SiR are significantly improved with addition of DOPO, e.g.,
60 °C and 20 °C higher in nitrogen and in air, respectively, for
the b-POS-SiR with 5 wt% DOPO compared that of PDMS
rubber (PSiR). The variety of degradation mechanisms in the
different atmospheres are also studied by using TGA coupled
with FTIR.

Keywords Ethyoxyl-phenyl POSS - RTV silicone rubber -
Synthesis - TGA coupled with FTIR - Thermal degradation
stability

Introduction

Polyhedral oligomeric silsesquioxane (POSS) has been in-
creasingly used as organic—inorganic hybrid reinforcing
nano-filler [1, 2], the rigid building blocks of which are
composed of a silicon—oxygen framework and organic
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substituent groups at corners. The hydrocarbon periphery
surrounding the Si-O core can be reactive or chemically inert,
hence POSS derivatives can be easily incorporated into poly-
meric systems via chemical bonds or physical blending to
improve their thermal stability [3, 4], mechanical properties
[5, 6], and its resistance to environmental degradation [7], ect.
However, incorporation of POSS into polymer by simple
physical blending would lead to a tendency towards aggregate
for higher concentrations due to the weak interreaction be-
tween POSS and polymers. Therefore, POSS is covalently
bonded to the polymer in most cases. Recently, a variety of
such POSS-based polymers has been reported for different
systems [8—15].

Polysiloxane is currently under rapid development, which
has been widely applied to promote the low carbon economy.
As a very promising material, polysiloxane has some unique
properties such as low combustion heat, low gas transition
temperature, excenllent thermal stability and low chemical
reactivity. It is also worth mentioning that polysiloxane is
derived from non-petrochemical route and is rich in resources.
However, it cannot take the place of carbon based polymers
unless certain issues get resolved, such as its poor mechanical
properties, insufficient heat-resistant temperature and fire re-
sistance. Incorporating POSS species containing reactive
groups into polysiloxane is an attractive project. Compared
to the incorporation of POSS by physical blending [16-20],
chemical bonding creates the possibility to covalently bond
the nanostructured moiety to the polysiloxane chain. To date,
several such researches of polysiloxane/POSS nanocompos-
ites have been reported in the literature including; work by
Baumann [21] who used POSS as both an cross-linker and
nanometric filler in polysiloxane systems to design new elas-
tomeric materials with enhanced mechanical properties. Pan
[22] also reported mechanical properties of the enhancing
material prepared by chemical attachment of POSS molecules
as pendant groups to the polysiloxane chains. These materials
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were subsequently chemically bonded into a polysiloxane
network and their mechanical properties were been involved
mostly. Nevertheless, the reports of preparation, thermal sta-
bility and degradation mechanism of polysiloxane/POSS
composites are rare.

To improve the miscibility and interaction between
the POSS and the matrix, we firstly reported the prep-
aration of ethyoxyl-phenyl POSS (DOPO) and synthe-
sized hybrid oligomers of polydimethylsiloxane/DOPO
through chemical copolymerization and finally obtained
a novel room temperature vulcanized (RTV) silicone
rubber (b-POS-SiR). In this paper, we investigated the
process of copolymerization and the synthesis of POSS
modified RTV silicone rubber. Moreover, the thermal
degradation process of the silicone rubbers was also
studied via thermal gravimetric analysis (TGA) coupled
with FTIR analyses.

Experimental
Materials

Ethyoxyl-phenyl POSS (DOPO) was prepared in our labora-
tory. HPDMS (107#, 3000+300cs) was supplied by Jiangxi
Xinghuo chemical Co., LTD, Jiangxi, and platinum(0)-
divinyl tetramethyldisiloxane (Pt (dvs)) was supplied
by Aoxin New Material Co., Ltd., Shanghai, China.
Dibutyltin dilaurate was provided by Zhuorui New Material
Co., Ltd., Shanghai, China. Poly(hydrosiloxane) and
methyltris(methylethylketoxime)silane were obtained from
Taly Chemical Industrial Co.,Ltd., Chengdu, China. The
above raw materials were used as received. Toluene and
tetrahydrofuran (THF) were purchased from Chengdu
Haihong Chemical. The solvents were of analytical purity
and dehydrated according to classic literature procedure.

Synthesis of hydrogen—phenyloctasiloxane tetrasodium
silanolate [Na4O4SigPhg]

Hydrogen—phenyloctasiloxane tetrasodium silanolate
[Nas0,4SigPhg] was synthesized by the following method
reported by Yoshitaka [23]. A 250-ml three-necked flask
equipped with a reflux condenser and a dropping funnel was
charged with 120 mL 2-propylalcohol, 0.14 mol deionized
water, and 0.42 mol sodium hydroxide, and sealed under dry
nitrogen. 0.12 mol phenyltrimethoxysilane was added
dropwise from the dropping funnel at room temperature for
about 60 min while stirred by means of a magnetic stirrer.
Then, the reaction mixture was refluxed in an oil bath for 4 h,
and continued to stir at 20 °C for 15 h. The deposited precip-
itate was separated by a pressure filter equipped with a mem-
brane filter. This precipitate was washed once with 2-propyl
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alcohol and vacuum dried at 70 °C for 5 h, 14.63 g of product
was obtained with a yield of 83.5 %.

Synthesis of Dihydrogen -phenylPOSS(DHPO)
[PhgSi;0014H,Me;]

In a typical reaction, 30 mmol triethylamine and 30 mmol
methydichlorosilane was injected into a 200 mL single-
necked flask with a solution of 10 mmol Na,0O;4SigPh; and
anhydrous THF (100 mL) under stirring. Stirring was further
continued at room temperature for 1 h, and then water (50 mL)
was added to dissolve sodium chloride formed during the
reaction and hydrolyze unreacted methyldichlorosilane. The
reaction mixture thus obtained was transferred to a separating
funnel. The organic fraction was washed with 1 N
hydrochloric acid or saturated sodium bicarbonate solution
(aqueous) until the pH reached 7, then further washed three
times with ion-exchanged water. The organic layer was iso-
lated and dried over MgSO, for 20 min. Finally, white powder
was obtained by removing solvent and volatiles via rotary
evaporation at 70 °C, which was further dried in an vacuum
oven at 70 °C for 5 h to get a constant weight. 6.82 g pale
powder with the yield of 59 % was obtained.

Synthesis of ethyoxyl-phenyl POSS (DOPO) [PhgSi;qO4
(OCHj3),Me;]

Ethyoxyl-phenyl POSS (DOPO) [PhgSi;gO14 (OCH;),Me;,]
was synthesized via the hydrosilylation between
PhgSi;O14H,Me, and ethoxydimethylvinylsilane. The gen-
eral preparation procedures are as follows, 2.2 g DHPO, 2 g
ethoxydimethylvinylsilane, 0.1 mL Pt (dvs) and 50 ml anhy-
drous THF were charged into a 100 mL single-necked flask
equipped with a magnetic stirrer. The flask was sealed with
dry nitrogen and heated in an oil bath under stirring, while
THF was refluxed. Then the reaction mixture was allowed to
react for 33 h to access a complete reaction. The reaction
mixture was concentrated with rotary evaporation to obtain
1.03 g of brown powdery solid matter. The product DOPO
was used in the following experiments without further purifi-
cation. PhgSi;00;4(OCH;),Me, 2°Si NMR (solvent:CDCly):
d(ppm), —78.59 (s, 4Si), —78.06 (s,3Si), —79.55 (s,4Si),
—16.05 (s,1Si), 18.0 5 (s,1Si). FTIR (cm ', KBr window):
1200-950 cm ' (Si-O-Si), 1430, 1590 cm ™' (Si-Ph), 940 cm ™’
(Si-O-C).

Synthesis of poly(dimethylsiloxane)s with POSS
in the polysiloxane main chain (DOPO-PDMS)

DOPO-PDMS was prepared according to the procedures de-
scribed in Scheme 1, We have prepared a series of DOPO-
PDMS copolymers for thermal properties investigations. And
typical experimental procedures are given as follows.
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Scheme 1 Synthetic routes for DOPO and RTV silicon rubber with POSS in the main chain

In a typical reaction, 1.6 g DOPO and 30 g PDMS were  necked flask with a magnetic stirrer, then 0.15 g dibutyltin
dissolved in 80 mL toluene via agitation in a 250 mL three-

dilaurate was added. The reaction mixture was stirred at 100 °C
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for 1 h to access a complete reaction. The reaction mixture was
concentrated with rotary evaporation and a 30.4 g yield was
obtained through this procedure.

Preparation of the silicon rubber containing POSS in the main
chain (b-POS-SiR)

The preparation procedures of room temperature vulcanized
silicone rubber is as follows (Scheme 1). DOPO-PDMS poly-
mer, methyltris(methylethylketoxime)silane and dibutyltin
dilaurate were charged into a three-necked flask under dry
nitrogen and stirred by mechanical stirrer. The reaction mix-
ture was obtained after stirring for 15 min. The mixture was
then poured into a Teflon mould subsequently, and cured for
about 2 day at room temperature to get a sheet of RTV silicone
rubber with smooth surface.

As reference material, we also synthesized RTV silicone
rubbers using HPDMS polymer named PSiR according to the
same approach above.

Measurement and techniques

"H NMR and *°Si NMR spectra were recorded on a Bruker
AV 11400 spectrometer at 600 and 400 MHz in CDCly
(0.05%TMS as an internal standard) at RT, respectively.
FTIR spectra were measured with a spectral resolution of
2 cm ! on a Nicolet Magna 560 infrared analyzer using KBr
disks or pellets at room temperature. Wide Angle X-Ray
Diffraction (WAXD) was used to investigate the distribution
of POSS in the silicone rubber. The WAXD measurements
were conducted with a Philips X’ Pert Graphics & Identify. To
investigate the viscous-elastic characteristic of samples, dy-
namic mechanical analysis (DMA; temperature scan at 1 Hz
and 1 % strain) was carried out at a constant rise of tempera-
ture (2 °Cemin ') from —130 °C to ambient temperature.
Thermo gravimetric analysis (TGA) coupled with FTIR were
carried out using a Perkin-Elmer and Nicolet Magna 560.
About 10 mg of sample cut into small pieces was loaded in
alumina pans in nitrogen and in air atmosphere from ambient
temperature to 800 °C at a constant rise of temperature
(10 °Cemin ).

Results and discussion

Characterization of the RTV silicon rubber containing POSS
in the main chain (b-POS-SiR)

In this study, DHPO and DOPO were firstly prepared.
Figure 1 shows the FTIR spectra of DHPO and DOPO in
the regions from 4000 to 500 cm ' where the Si-O-Si ab-
sorption bands in both samples are displayed in the range of
1300-950 cm ™. The FTIR data reveals that the DHPO has the
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Fig. 1 FTIR spectra of DHPO and DOPO

Si-H characteristic peak at 2173 cm™', and this characteristic

peak disappears in the FTIR spectra of the DOPO, because the
Si-H group reacts with ethoxydimethylvinylsilane via the
hydrosilylation and the absorption band is replaced by Si-O-
C at 940 cm™ .

The successful synthesis of the silicon rubber containing
POSS in the main chain (b-POS-SiR) was confirmed by its
FTIR spectrum. As displayed in Fig. 2, the Si-O-C stretching
vibration peak in DOPO at 940 cm™ " is disappeared in copol-
ymer, while other characteristic bands of the DOPO appears
after condensation, including the asymmetric stretching vibra-
tion of Si-O—Si at 1300-950 cm ™' and the stretching vibration
of -C-H- for Si-CH,-CH at 2917 cm™"' and 2848 cm ™. These
results imply that DOPO has reacted with PDMS and vulca-
nized to form b-POS-SiR rubber.
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Fig. 2 FTIR spectra of DOPO and PSiR after reaction
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To observe and evaluate the dispersion uniformity of
POSS, WAXD measurements were performed. Figure 3 dis-
plays the resulting X-ray diffraction curves from crosslinked
PDMS rubber (PSiR) and b-POS-SiR Nanocomposites. The
WAXD pattern of DOPO reveals intense and sharp crystalline
reflections at the entire scanning range, indicating a high
degree of crystallinity and an ordered structure of DOPO.
Unlike DOPO, diffuse amorphous reflections appears in
PSiR approximately at 20=11.55° and 28=22° and no crys-
talline peaks of PSiR are detected at room temperature condi-
tion. Copolymerization of polysiloxane with DOPO leads to
the amorphous reflections that appears from 11.55° to 12.62°,
which enhanced the rigidity of b-POS-SiR molecular chains
and formed a portion-range ordered structure just like Liquid-
crystal structure in main chain. The framework distance de-
creases appreciably as the average interchain distance de-
ceases along with X-ray diffraction results. In addition, the
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< -b-POS-SiR

200
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Fig. 4 Loss modulus E” curves for PSiR and b-POS-SiR
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Fig. 5 Tand curves for PSiR and b-POS-SiR

WAXD data give no indication of the presence aggregate of
DOPO crystalline in the synthesized nanocomposites.

DMA measurement was peformed for b-POS-SiR and
PSiR, the resulting loss modulus E” and tan 6 curves are
shown in Figs. 4 and 5, respectively.

The temperature corresponding to the « relaxation as the
loss modulus E” characterized in Fig. 4 is observed to increase
approximately 3.14 K for b-POS-SiR over pure PSiR. The tan
d curves of pure PSiR, on the other hand, as shown in Fig. 5
indicates that the glass transition temperature (Tg) is at
159.03 K, while the Tg of the b-POS-SiR rubber is slightly
increased (3.66 K) compared to that of the pure PSiR as the
maximal peak represents the « transition to a higher temper-
ature. And in addition, the tand peak broadens significantly.
Such peak broadening reveals that polymerizing with POSS is
necessary to partially affect the polymer chain mobility. These
observations suggest a faint nanoreinforcement effect
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Fig. 6 TGA thermograms of DOPO, PSiR and b-POS-SiR obtained in
nitrogen atmosphere
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Fig. 7 DTG curves for DOPO, PSiR and b-POS-SiR obtained in nitro-
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generated from the rigid bulky POSS cages and an increase in
Tg may originate from POSS which restricts the molecular
rotation motions and reduce the conformational numbers of
macromolecular chains, thus higher temperature is required to
overcome the raise of activation energy of chain segmental
motion caused by POSS.

Thermal degradation stability

Figures 6 and 7 show the TGA and DTG curves of pure
DOPO, PSiR and b-POS-SiR with 5 wt% DOPO in nitrogen
atmosphere at a heating rate of 10 °C/min. Other important
features of the thermograms for all three samples are shown in
Table 1.

As shown in Fig. 6 (TGA), the temperatures of 5 % mass
loss of pure DOPO and PSiR are 400 °C and 340 °C, respec-
tively. The b-POS-SiR copolymer, with a 5 wt% content of
DOPO, exhibits good thermal stability up to 400 °C, and the
residue yield ranging from 0.18 % to 18.26 % are observed at
800 °C in nitrogen atmosphere. As can be seen from Fig. 7
(DTG), the temperatures of maximum weight loss of DOPO
and PSiR are 563 °C and 409 °C, respectively. For b-POS-
SiR, the temperature of maximum weight loss is 536 °C,
which is 127 °C higher than that of PSiR and only 27 °C
lower compared with DOPO. The results mentioned above
demonstrate, that POSS plays a significant role in enhancing

Table 1 Thermal properties of PSiR and b-POS-SiR obtained in nitrogen

PSiR b-POS-SiR
POSS wt% 0 5
The temperature of 5 % weight loss (°C) 340 400
The temperature of the greatest amount of 409 536
weight loss (°C)
The degradation residual yields (%) 0.18 18.26
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the thermal stability of the b-POS-SiR. Besides, there are two
characteristic temperatures of degradation peak appearing at
higher temperature for b-POS-SiR and PSiR, which probably
suggests the existence of different degradation mechanisms,
as discussed latter in the following section.

The thermo-oxidative behavior in air is obviously more
complex than the degradation behavior in nitrogen atmo-
sphere. As demonstrated in Fig. 8 (TGA) and Fig. 9 (DTG),
the temperatures of 5 % mass loss of pure DOPO and PSiR are
398 °C and 341 °C, respectively. For b-POS-SiR, when the
content of DOPO was 5 wt%, the temperature of 5 % mass los
is delayed to 362 °C, which is 21 °C higher than that of PSiR
and 36 °C lower compared with DOPO. However, its thermo-
oxidative residue at 800 °C is almost the same as PSiR. Other
important features of the thermograms for all three samples
under air are given in Table 2. Two obvious degradation steps
are observed for all the samples, which probably involve a
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Fig. 9 DTG curves for PSiR and b-POS-SiR obtained in air atmosphere
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Table 2 Thermal properties of PSiR and b-POS-SiR obtained in air

PSiR b-POS-SiR
POSS wt% 0 5
The temperature of 5 % weight loss (°C) 341 362
The temperature of the greatest amount of 562 599
weight loss (°C)
The degradation residual yields (%) 24.66 24.60

complex competition between crosslinking [24] and degrada-
tion, different from the mechanisms in N,. The different
degradation mechanisms in N, and air would be discussed in
the following section.

Degradation mechanism

From the discussions above, copolymerizing with POSS is
indeed beneficial to improve the thermal degradation stability
of PSiR. In order to clarify the mechanism, measurements of
thermal gravimetric coupled with IR were performed.

Based on our previous work, there is only a hump from
441 °C to 470 °C but a major weight loss appeared from
481 °C to 609 °C in the DTG curves for b-POS-SiR
(polymethylsiloxane) in nitrogen atmosphere. Thermal gravi-
metric analysis (TGA) coupled with FTIR was used to analyze
the gas products of thermal degradation. Figure 10 shows the
FTIR spectra at different temperatures. Obvious peaks are
observed at 2970, 1265, 1095, 1026, 814 cm ™' from 441 °C
to 470 °C, indicating that some tiny cyclized D; and D,
generated, and the relative concentration of D3 and Dy keep
increasing slightly. Similarly, the concentration of D5, D4 and
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Fig. 10 FTIR spectra of thermal degradation products for b-POS-SiR
sample at different temperature in nitrogen
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Fig. 11 FTIR spectra of thermal degradation products for PSiR sample at
different temperature in nitrogen

dimethyl siloxane increase distinctly as the intensity of peaks
at 2970, 1265, 1095, 1026 and 814 cm ' increase obviously
from 481 °C to 609 °C. How could this degradation progress
happen?

Essentially, it is well-known that different degradation
mechanisms occurred for different PSiR. Mainly four different
mechanisms have been proposed for thermal degradation of
PSiR in inert atmosphere due to variations in the method of
preparation, the level of impurities and residual catalyst, and
the degradation of conditions [24]. The four mechanisms
include, (a) the end-initiated unzipping mechanism [25-28];
(b) the random main chain scission mechanism [27]; (c) the
externally catalyzed mechanism for polymers containing

Absorbance (%)

1 Sl M 1

M 1 M 1 M M 1 M
1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)
Fig. 12 FTIR spectra of product for DOPO at 547 °C in nitrogen
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impurities and residual catalyst [29]; and (d) molecular mech-
anism [27, 28, 30]. Consequently, it would be an interesting
challenge to figure out the following questions: Which mech-
anism is the dominative one for b-POS-SiR degradation?
Does POSS cause a change in the degradation mechanism of
b-POS-SiR?

Figure 11 shows the FTIR spectra resulting from the gas of
PSiR thermal decomposition in nitrogen. A number of peaks
can be observed at 2907, 1262, 1082, 1018 and 814 cm™"' from
346 °C to 470 °C, indicating that some tiny cyclized D; and D,
generated. Moreover, the intensity of absorption peaks at 2907
and 1262 cm ! are almost changeless from 346 °C to 470 °C
suggesting that the relative concentration of D3 and D, are
approximately identical. The release of cyclic oligomers is due
to the incomplete reacted terminal OH of PSiR which can
participate in a ‘back biting’ reaction in accordance with the
end-initiated unzipping mechanism, displaying that the Si-O
bond scission takes place from the chain ends and annulations
forming in the presence of Si-OH is much easier than that of
polysiloxane without Si-OH. The decreases absorption at
1082 cm™' and increases absorption at 1018 cm™' indicates
that cyclized Ds and Dg¢ are generated when the temperature
elevated to 500~600 °C. On the other hand, the intensity of
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Fig. 13 FTIR spectra of thermal degradation products for b-POS-SiR
sample at different temperature in air
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peaks at 2007 and 814 cm ™" increase obviously, demonstrating
a rise in the concentration of D5 and D, That is due to the
thermal depolymerization of the basic chains of the PSiR
polymers.

In order to clarify the effect of POSS when it is introduced
into PSiR, we also studied the thermal degradation behavior of
DOPO.

As displayed in Fig. 12, because of the inert inorganic
caged framework of Si-O-Si, DOPO displays striking thermal
stability. The spectra of the gas products in nitrogen are
definitely the same with DOPO, which is owe to the sublima-
tion of DOPO. In other words, DOPO shows outstanding
thermal stability that is still not decomposed but sublimated
under the testing condition.

Contrast to PSiR and DOPO, during the degradation pro-
cess of b-POS-SiR, some tiny cyclized D5 and D, generate
and keep increasing slightly from 441 °C to 470 °C, showing
the same phenomenon as PSiR degradation. In this case, we
propose that the release of cyclic oligomers is due to the
incomplete reacted terminal OH in b-POS-SiR that could
participate in the ‘back biting’ reaction in accordance with
the end-initiated unzipping mechanism, just the same as PSiR
[24, 27, 31]. And the temperature moves to a higher region
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Fig. 14 FTIR spectra of thermal degradation products for PSiR sample at
different temperature in air
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resulting from two main reasons: (a) copolymerizing with
DOPO would consume part of OH in PSiR which meant the
probability of ‘back biting’ reaction would go down; (b)
incorporating the rigid bulky DOPO cages into the molecular
main chain might restrict the molecular mobility and exert
nanoreinforcement effect on macromolecular chains (which is
confirmed by Tg measured with DMA as indicated above).
The likely cyclization reaction mechanism involving OH
groups is illustrated in Scheme 2.

On the other hand, the second degradation step of b-POS-
SiR is expressed as the concentration of D3, D4 and dimethyl
siloxane increase distinctly from 481 °C to 609 °C. That is due
to the breakage of b-POS-SiR main chain which is caused by
increasing chain mobility as the temperature is elevated.

Thermo-oxidative degradation mechanism

The FTIR spectra of b-POS-PSiR and its gas products of
thermal degradation at different temperatures in air are shown
in Fig. 13. Peaks at 2970, 1265, 1095, 1026, 814 cm ! are first
observed as the degradation started. And the major degrada-
tion products are a similar mixture of oligomers as in nitrogen
with additional CO, and H,O. However, there are two char-
acteristic degradation peaks which showed reflections for both
DOPO and PSiR in Fig. 9 (DTG). The temperatures of the two
degradation states are delayed and compared with PSiR under
air.

The degradation patterns of PSiR in air are much different
from that in nitrogen. The IR spectra of PSiR and its gas
products of thermal degradation at different temperatures are
shown in Fig. 14. In air there are at least two stages of
degradation. At the first stage from 341 °C to 368 °C, peaks
are observed at 2907, 1265, 1082, 1018 and 841 cm ', indi-
cating that some tiny cyclized D; and D, generated at a much
lower temperature than that in nitrogen, the reason of which
might be oxygen catalyzed decomposition to cyclic oligo-

mers. And the intensity of absorption peak at 2907 cm ' is

?H3 §H3
VOZSi-one NNO=Si— O
CHs —» CH - CH,

nNO- ?i— ovwn
CH,
CH,
Scheme 4 Crosslinking of b-POS-SiR /PSiR in air

increased, suggesting that relative concentration of D3 in the
products varied much as the temperature increases, and it may
be attributed to some contribution from random degradation
(Scheme 3) besides end-initiated degradation.

However, as aforementioned in Fig. 9 (DTG), weight
loss of the first degradation step is about 15 %, and
subsequently the volatilization slow down. That proba-
bly involve a complex competition between crosslinking
[24] and degradation, which would be expressed in the
below section.

The second degradation stage between 473 °C and 800 °C
should be assigned to the thermo-oxidative process of the
methyl side groups. The intensity of peak at 3016 cm ™' is
attributed to methane. The production of methane indicate that
random cleavage of Si-CH; bonds is involved in addition to
the thermal depolymerization of the basic chains of the PSiR
polymers (Scheme 4).

In order to clarify the effect of POSS when it is introduced
into PSiR, we studied the thermal degradation behavior of
DOPO as well.

DOPO displays a different thermal behavior in air and there
are also two degradation states to be observed. The first is
from 398 °C to 409 °C and the second is from 550 °C to 680 °C.
The FTIR spectra of the gas products in air at the first degrada-
tion state are definitely the same with DOPO, which is attributed
to the sublimation of DOPO.
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Fig. 15 FTIR spectra of product for DOPO in air
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Scheme 5 Thermal degradation mechanism of DOPO between 550 °C and 630 °C in air

A peak appears at 3016 cm ' as temperature elevated to
550 °C, as depicted in Fig. 15, which is attributed to saturated
and unsaturated hydrocarbons, especially methane. The ab-
sorption peak around 1500 cm™' from 550 °C to 630 °C
indicate that benzene series might generate because of the
breakage of Si-Ph accompany with the sublimation of
DOPO(Scheme 5). The remaining residue is 49.73 %, show-
ing the extrusive thermal stability of DOPO.

Comparatively speaking, the temperatures of the two deg-
radation states for b-POS-SiR are delayed compared with
those of PSiR in air. The incorporation of DOPO reduces the
flexibility of molecular chain and hinders the random degra-
dation and end-initiated degradation, which would shift the
degradation toward a higher temperature. The complex com-
petition between crosslinking [24] and degradation in first
degradation stage is expressed as Scheme 6.

CHs CHg COOH COOH
| +0;
VNN GSj— Q0 —Sj—Qvvwn —» VWV G§j— 00— Si— OV
| -H,0
CHs CHs COOH COOH
-CO,
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| +0,
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Scheme 6 Thermal degradation mechanism of b-POS-SiR /PSiR in air
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As shown in Scheme 6, the major degradation products are
a similar mixture of oligomers as in nitrogen with additional
C02 and Hzo

The second degradation stage could be explained by the
activation energy of Si-C and Si-O bonds [32]. Although the
Si-C (318 kJ/mol) bond is thermodynamically less stable than
the Si-O (451 kJ/mol) bond, kinetically paths the PSiR
rearrangement is not dominant for the required activation
energy, which would lead to the production of cyclic oligo-
mers before methane.

However, its thermo-oxidative residue at 800 °C which is
almost the same with PSiR reveals that the improvement of
thermo-oxidative stability is negligible for b-POS-PSiR.

Conclusion

In summary, POSS is crucial to improve the thermal stabilities
of b-POS-SiR. Different degradation mechanisms occurred
during different degradation process. The results show that
the depolymerization of b-POS-SiR in nitrogen atmosphere is
mainly controlled by an end-initiated unzipping mechanism
accompanied with a fraction of random degradation mecha-
nism. However, it mainly depolymerizes through random
degradation mechanisms, following a radical mechanism in
air. Two aspects should be taken into account for this exper-
imental result: (1) a given OH is consumed in the chain
extending reaction between DOPO and hydroxy terminated
polydimethylsiloxane which would decline the probability of
OH terminal initiated unzipping and (2) the tethering of the
structure of the POSS cage hinder the cyclization reactions,
while the former one is a peculiar degradation reactions in
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nitrogen atmosphere and the latter is mainly degradation re-
actions for both degradation progress.
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