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Silicone resins, due to its excellent high thermal stability, are widely applied in high-temperature
environment. However, it is still a problem that the initial decomposition temperature of silicone
resins is relatively low, which limits their wider applications. In this paper, three kinds of polyhedral
oligomeric silsesquioxane (POSS) (aminopropyl, mercaptopropyl and chloropropyl) were synthesized
and analyzed by FTIR, NMR and MS for structure characterization and purity analysis. Significant
improvement of thermal stability was achieved by incorporating POSS into silicone resins. Three
different POSS were used to modify silicone resins, and the effects of different POSS on thermal stability
of silicone resins were studied. The results indicated that the thermal stability of octa-aminopropyl POSS
modified silicone resins improved most significantly, with the decomposition temperature increased by
nearly 45 °C compared with pure silicone resins. Moreover, the thermal decomposition mechanism of
silicone resins with different POSS was studied, and chemical simulation indicated the thermal stability
of silicone resins greatly improved by forming hydrogen bond between POSS and silicone resins. And the
results showed one distinctive mode of increasing thermal stability, forming hydrogen bond to block

resin chains' movements.

© 2020 Published by Elsevier Ltd.

1. Introduction

Silicone resins, a type of polymeric material, can be obtained by
siloxane with the general formula of R;SiXy,0y, where —R is a non-
reactive substituent, and -X is a functional group [1,2]. Its highly
branched three-dimensional structure with the main chain of —Si-
0-Si- endows it with excellent properties such as extraordinary
dielectric property, high thermal stability and short-wave irradia-
tion resistance [3,4]. Thus, silicone resins are widely used in the
fields of aerospace engineering, telecommunication industry,
electronic industry and thermal insulation. Compared with ho-
mologous carbon-based polymers, silicone resins show a superior
performance in thermal stability due to the physicochemical
properties of the siloxane (-Si-O-Si) bond [5]. However, the rela-
tively low initial decomposition temperature limits silicone resins'
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wider application. Therefore, it is of great significance to focus on
modifying silicone resins in order to develop new silicone resins
with higher thermal-stability.

For this purpose, extensive research has been devoted to silicone
resins’ modification, involving physical blending and chemical
modification. As we know, the incorporation of nano-SiO, [6],
carbon nanotubes [7], clay [8] and other nanofillers [9] can improve
both thermal and mechanical properties of polymers [10,11].
However, because of the agglomeration of nanoparticles, it can
hardly achieve nano-dispersion by mechanical blending. Thus, the
chemical modification has a better modifying effect than physical
blending in general. The chemical modification of polymer struc-
ture mainly involves two steps. First, introducing active groups into
the end or side chains of polysiloxane. Then, the active groups were
reacted with other polymers to form blocks, graft copolymers with
interpenetrating networks in order to ameliorate silicone resins
inherent deficiencies and further improve their thermal stability.
Liu et al. [12] successfully synthesized a series of methylsilicone
resin/POSS composites via mixing the functionalized trisilanoliso-
butyl POSS with hydroxylterminated methylsilcone resins, with
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increased decomposition temperatures and oxidation resistance.
Yang [13] synthesized a series of silicone resins containing silphe-
nylene units into the backbone to improve the thermal stability of
silicone resins.

Meanwhile, hybrid organic/inorganic composites have attracted
broad attention for decades. The hybrid organic/inorganic com-
posites possess a great combination of the unique properties of
both organic compound and inorganic material, owning to both the
advantages of thermal stability, mechanical strength, and the ease
of processing with low cost, low density. These unique qualities
make such kind of materials more preferable than other conven-
tional materials [14,15].

POSS with new organic/inorganic structure has attracted much
researchers’ attention. POSS, with an organic/inorganic structure,
contains a silicon-oxygen based framework and eight organic
corner groups on the side chains, it has been widely used to prepare
high performance hybrid polymeric materials. Moreover, owing to
these specific functional groups, POSS could disperse uniformly in
organic polymers. By adding a little POSS into compound, the
property of materials can improve dramatically, such as dielectric
property, thermal stability and mechanical strength [16,17]. These
characteristics make materials have promising application pros-
pects in aerospace, medicine, national defense and other fields.
Tanaka [18] used octa-isobutyl POSS as POSS-based molecular
fillers to simultaneously enhance thermal and viscoelasticity of
poly(methyl methacrylate) films. Pagacz [19] used octa-POSS (Hy-
droxyl POSS) to decrease the thermal degradation of polyurethane
foams. Raimondo [20] added POSS compounds and phosphorous
hardeners into an epoxy resin which was used for aeronautic ap-
plications, and improved the thermal and fire resistance of nano-
filled aeronautic resins. With the development of technology, the
initial decomposition temperature of silicone resins cannot satisfy
the aerospace’ demands. How to improve the initial decomposition
temperature of silicone resins for broader applications has attrac-
ted researchers' attentions.

Here, three kinds of POSS were synthesized with various
structure (aminopropyl, mercaptopropyl and chloropropyl) and the
structure and the purify of POSS were characterized by NMR ('H,
29si), FT-IR and MS tests. Silicone resins modified by POSS were
studied to explore the effects of different functional groups on
silicone resins' thermal stability by TGA, TGA-MS, XPS and SEM
tests. The content of POSS was adjusted with 1 wt%, 5 wt%, 10 wt%
and 15 wt% to investigate the optimal content of POSS and func-
tional groups for improving the thermal stability of silicone resins.
In this paper, three kinds of POSS were used to explore the thermal
decomposition mechanism of different hydrogen bonds on silicone
resins' thermal-stability.

2. Experimental section
2.1. Materials

3-aminopropyl triethoxysilane (APES, > 99%), 3-chloropropyl
triethoxysilane (CPOS, > 99%), 3-mercaptopropyl triethoxysilane
(MPTES, > 99%), diethoxydimethylsilane, triethoxymethylsilane,
dimethoxydiphenylsilane, trimethoxyphenylsilane, hexamethyl
disilylamine were purchased from Aladdin. HCl, THF, xylene,
acetone, deionized water, dichloromethane, ethanol and methanol
were used without purification.

2.2. Synthesis of Octa-aminopropyl POSS(Ts-NH3)
This synthesis method of Tg-NH, POSS is a modification to a

literature method [21]. 3-aminopropyl triethoxysilane and
concentrated HCI were slowly dripped in methanol and mixed into

a heterogeneous solution. The resulting solution was heated with
reflux condenser and stirred for 18 h to obtain a transparent liquid.
Evaporate the solvent and add a certain amount of THF, the white
precipitation could be given by filtering the liquid. The octa-
aminopropyl POSS was obtained and named Tg-NH,.

2.3. Synthesis of Octa-mercaptopropyl POSS(Ts-SHg)

This method is referring to a literature method [22] to synthe-
size Tg-SHg. 3-mercaptopropyl trimethoxysilane and HCl were
added in methanol solution. The solution was heated at 40 °C and
stirred for 24 h. Then the buff viscous liquid-octa-mercaptopropyl
POSS was obtained and named Tg-SHsg.

2.4. Synthesis of Octa-chloropropyl POSS(Tg-Clg)

This method is referring to a literature method [23] to synthe-
size Tg-Clg. 3-chloropropyl triethoxysilane, methanol and HCI were
mixed to a heterogeneous solution. And solution was stirred for 5
days at 40 °C. Then the white precipitation was obtained by filtering
and named Tg-Clg.

2.5. Synthesis of silicone resins

The amount of each experimental reagent was determined ac-
cording to the following formula. (R/Si = 1.1, Ph/R = 0.4. The total
mass of four kinds of siloxane is 50 g). An oven-dried 250 ml, 3-
neck bottom round flask equipped with a magnetic stirrer was
fitted with 45 ml of deionized water and 8 g of acetone. Certain
amount of hydrochloric acid was dropped to adjust solution pH to
4. The reactants were added dropwise to the 3-neck flask at a
constant pressure in the following order: diethoxydimethylsilane,
triethoxymethylsilane, = dimethoxydiphenylsilane, trimethox-
yphenylsilane. The hydrolysis reaction was carried out at 70 °C.
After reacting for 5 h, the hexamethyl disilylamine was added to
adjust pH and control the molecular weight. At the end of the re-
action, the silicone prepolymer in oil phase was separated by
extraction. Then the prepolymer was heated up in 1 h at each of the
following temperature, 80 °C, 90 °C, 100 °C and 110 °C. Finally, add
certain amount of xylene and methylphenyl silicone resins were
obtained.

2.6. Synthesis of POSS/resin composites

POSS/resin composites were thermal cured as follows: 100 °C
for 2 h,120°Cfor 2 h,150 °C for 2 h,180 °C for 2 h and 220 °Cfor 1 h,
with different content of three kinds of POSS, 1 wt%, 5 wt%, 10 wt%
and 15 wt%. Fig. 1 shows the structure of the three different types of
POSS and silicone resins we used.

2.7. Characterizations

Thermogravimetric analysis (TGA) of the silicone resin/POSS
composites was conducted by TA Instruments Q500 at a heating
rate of 20 °C/min ranging from 40 to 1000 °C under argon atmo-
sphere. Fourier transform infrared (FTIR) spectra was obtained by
using PerkinElmer 2200 FTIR Spectrometer between 500 and
4000 cm~'. 'H nuclear magnetic resonance ('"H NMR) and 2%Si
nuclear magnetic resonance (2°Si NMR) spectra were performed on
a BRUKER AVANCEIII-500 (American) with CD30D and CDCl; used
as the solvent and internal standard. Mass spectra (ESI) was ob-
tained by using Quattro Premier XE (American). The X-ray photo-
electron spectroscopy (XPS) analysis was performed in an VG
electron spectrometer ESCALAB Mk II (UK). Scanning electron mi-
croscopy (SEM) spectra was performed on Zeiss-SUPRA55
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Fig. 1. The structure of synthesized three kinds of POSS, (a). Tg-NH,, (b). Tg-SHg, (c). Tg-Clg and (d). silicone resins.

(Germany). TGA-MS spectra was obtained by using PerkinElmer.
Hydrogen bond energy was calculated by Gaussian09 at B3LYP/gen
level of theory. All geometry optimizations were carried out by
using the DFT method B3LYP. H, C, N, O elements optimization uses
6-31G basis set, and Si, S, Cl elements optimization uses 6-31G(d)
basis set. With using 6-311G and 6-311G(d) basis set, more accurate
energy was obtained by performing single-point calculations. Fre-
quency calculations were performed at the same theory level as
optimizations to confirm the geometries presented here are local
minimum of which all the frequencies are positive and to obtain
zero-point energy (ZPE). All calculations were performed by using
the Gaussian 09 program package. The structures were plotted with
gauss-view.

3. Results and discussion
3.1. Synthesis and characterization of three kinds of POSS
The 2°Si NMR spectrum of three kinds of POSS were shown in

Fig. 2. Three peaks were presented in —66.98 ppm, —67.05 ppm

-66.98

(a) | (b)

and —67.08 ppm, respectively, attributed to the silicone chemical
shift in Tg cage structure of Tg-NH; [21], Tg-SHg [22] and Ts-Clg [23],
which were further confirmed in FTIR analysis.

The FTIR spectrum of Tg-NH>, Tg-SHg and Tg-Clg were basically
indistinguishable with characteristic functional group difference, as
shown in Fig. 3. The band appeared in 2890—2985 cm™~' region
arose from -C-H stretching vibration and another bond in
1000—1100 cm ™! region was attributed to -Si-O-Si stretching vi-
bration in cage structure, indicating the formation of Tg cage
structure. The characteristic vibration bond appeared in 3350, 2560
and 701 cm~! were assigned to —NH,, -S-H and -C-Cl stretching
vibration respectively.

Fig. 4 showed 'H NMR spectrum of POSS. The peaks can be
assigned as 0 = 4.87 ppm (-NHy, 2H), 6 = 1.75 ppm (-SH, 1H),
attributing to the functional groups —NH; on Tg-NH; and —SH on
Tg-SHg, respectively. The peaks of 0.82, 191, 299 ppm
(-CH,CH,CH,, 2H, 2H, 2H), 0.82, 1.44, 2.59 ppm (-CH,CH,CHj, 2H,
2H, 2H) and 0.83, 1.91, 3.61 ppm (-CH,CH,CHy, 2H, 2H, 2H) belongs
to the propyl on Tg-NHy, Tg-SHg and Tg-Clg respectively.

MS spectra of three kinds of POSS were shown in Fig. 5. The m/z

-67.08
-67.05 |

()

40 20 0 -20 -40 -60 -80 20 (1] -20
1 (ppm)
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Fig. 2. 29Si NMR spectra of synthesized three kinds of POSS, (a) Tg-NH,, (b) Ts-SHg and (c) Tg-Clg.
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Fig. 5. MS spectrum (ESI) of synthesized three kind of POSS, (a). Tg-NH; (ES™), (b). Ts-SHg (ES™) and (c). Ts-Clg (ES™).

of [Tg-NH; + H]", [Tg-SHg + H]" and [Tg-Clg + Cl| are 881.5,1017.0
and 1071.2 respectively. Figs. 3—5 confirmed that we synthesized
three kinds of POSS successfully.

3.2. Preparation and characterization of POSS/resin composites

The surface morphology of pure resin and POSS/resin

composites were displayed in Fig. 6. It could be seen that the sur-
face morphology of the pure resin was smooth (shown in Fig. 6d),
while that of POSS/resin composites showed a wrinkled state
(shown in Fig. 6a, c), which were caused by the cage structure of Tg-
NH; and Tg-Clg, illustrating that they were aggregated uniformly in
the POSS/resin composites respectively while the POSS adding is
1 wt%. The surface of Tg-SHg/resin composites showed an even
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Fig. 6. SEM images of (a) Tg-NHy/resin, (b) Ts-SHg/resin, (c) Ts-Clg/resin composites with 1 wt% POSS adding and (d) neat resins.

surface with a uniform size of hemispherical bulges, indicating that
Tg-SHg had severe agglomeration in the MP-silicone resins with
1 wt% Tg-SHg added (shown in Fig. 6b) [24,25]. Because of the ag-
gregation of POSS, the scale of wrinkles and hemispherical bulges
were 200 nm approximately.

The chemical compositions of pure resins and three kinds of
POSS/resin composites were characterized by XPS (shown in Fig. 7).
The spectral peaks of pure resins were fitted into two curves with
peaks of 284.38 and 284.66 eV (shown in Fig. 7d), belonging to the
-C-Si-0 and -C-C on phenyl group respectively. The C 1s curves with
peaks of 285.56, 285.52 and 285.90, were assigned to the -C-N on
aminopropyl, -C-S on mercaptopropyl and -C-Cl bond on chlor-
opropyl respectively (shown in Fig. 7a—c) [12,26], It confirmed the
existence of POSS in the silicone resins (shown in Figs. 6 and 7).

3.3. Thermal analysis

Fig. 8 shows the TGA curves of three kinds of POSS/resin com-
posites measured with different content of POSS, 1 wt%, 5 wt%,10 wt
% and 15 wt%, respectively. All of three kinds of POSS improve the
initial decomposition temperature with losing weight 5% (Tsy) of
silicone resins when the POSS addition is 1 wt%. The POSS/resin
composites showed a higher degradation temperature with 1 wt%
POSS added. The degradation temperature was measured to be
585.5, 552.0, 561.2 and 540.5 °C at Tg-NH;/resin, Tg-SHg/resin, Tg-
Clg/resin and neat resin when the content of POSS is 1 wt%. The
result showed that Tg-NH; significantly improved the thermal
stability of silicone resins with Tsy nearly 45° and that the thermal
stability of POSS/resin composites showed a downward trend with
the increasing addition of POSS, which was attributed to that POSS
retarded the cross-linking of silicone resins.

The TGA-MS curves of POSS/resin composites with POSS addi-
tion is 1 wt% were shown in Fig. 9. In 400—1000 °C interval, three
kinds of POSS/resin composites had similar degradation processes
with -OCHs, -CgHs, CgHg, -CH3 and CHy4 released. POSS/resin com-
posites released H,O from 100 °C to 300 °C, while Tg-NH;/resin
composites also released NH3; from 100 °C to 300 °C (shown in

Fig. 9a) which can absorb most of the heat, greatly reducing the
surface temperature of the polymer. And the Tg-NH; decomposing
can accelerate the formation of C-films, which will deposit on the
surface of the silicone resins. By this mean, the addition of the Tg-
NH, (1 wt%) improved the initial decomposition temperature of
silicone resins more than 45 °C [27—-29]. Fig. 9b showed that from
300 °C to 500 °C, only H,S were formed, attributed to the cleavage
of —CH»-SH on Ts-SHg respectively [30,31]. In 520 °C—1000 °C in-
tervals, the decomposition of Tg-Clg/resin composites released HCl,
attributed to the cleavage of functional groups (—CH,—Cl) on Tg-Clg,
During the cleavage process, amounts of -Cl were formed, which
could capture the -OH formed by MP-silicone resins' early cleavage,
improving the thermal stability of silicone resins (shown in Fig. 9c)
[22,32].

3.4. Thermal decomposition mechanism

As previously reported, the initial decomposition of silicone
resins at low temperature is attributed to dehydration [33,34] and *
chains thawing” [35] resulted from residual terminal hydroxyl
groups. With the temperature increasing, the backbone of silicone
resins will bite back and release fragments. It can be seen that the
decomposition temperature for 5% mass lose increases when the
POSS addition is 1 wt%. This is due to the fact that the introduction
of POSS into silicone resins increases the rigidity of backbones and
decreases the mobility of resins' chains by forming hydrogen bonds.
So adding three kinds of POSS in 1 wt% can improve the thermal
stability of silicone resins.

TGA tests showed that the order of extent that POSS improved
the decomposition temperature of silicone resins is: Tg-NHj/
resin > Tg-Clg/resin > Tg-SHg/resin > neat resins when the POSS
addition is 1 wt%. According to the formula: Ea.g = Ep + Ep - Eag,
(Ea-p: the bond energy of A and B; Ea, Ep: the energy of fragment A
and fragment B; Eap: the total energy of AB) the energy of the
hydrogen bond between —NH, group and oxygen atom can be
calculated, as shown in Fig. 10. Fig. 10a shows the structure and
bond energy of the hydrogen bond (N---H—0) between —NH; on Tg-
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temperature when the mass lose is 5%.

NH; and —OH on MP-silicone resin, which is 14.67 kcal/mol. Fig. 10b
shows the structure and energy of the hydrogen bond (N—H---O)
between —NH; on Tg-NH; and -O- on MP-silicone resin, which is
3.65 kcal/mol. Because the electronegativity of O atom is higher
than that of N atom, the structure of the hydrogen bond between
—NH; and oxygen atom tends to form N—H---O. Similarly, the en-
ergy of hydrogen bond between —SH group and oxygen atom can
be calculated, as shown in Fig. 11. It shows two kinds of hydrogen
bond, S---H—0 between —SH on Tg-SHg and —OH on silicone resins

(Fig.11a) and S—H:--O between —SH on Tg-SHg and oxygen atom on
silicone resins (Fig. 11b), and the hydrogen bond energy are
5.212 kcal/mol and 2.252 kcal/mol, respectively. Because the elec-
tronegativity of S atom is weaker than that of O atom, the structure
of the hydrogen bond between Tg-SHg and MP-silicone resin tends
to be S—H---0. Fig. 12 shows the hydrogen bond (Cl---H—0) be-
tween -Cl on Tg-Clg and —OH on MP-silicone resin, and the bond
energy is 3.78 kcal/mol. In POSS/resin composites, the hydrogen
bonds are mainly existed in three distinctive forms, N—H---O,
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E=3.78 kcal/mol
2380 A

Fig.12. The Cl---H—0 hydrogen bond energy be calculated by Gaussian09 at B3LYP/gen
level of theory. (H-gray, C-black, O-red, 6-31G; Si-yellow, Cl-gray and green, 6-31G*).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Cl---H-0 and S—H---0, with the hydrogen bond energy of 3.65,
3.78, 2.252 kcal/mol respectively. Due to the radius of the Cl atom is
larger than H atom, the hydrogen bond is unstable and susceptible
to be broken. Therefore, even though the hydrogen bond energy of
Cl---H—O is higher than N—H---O, the thermal stability of Tg-Clg/
resin composites is worse than Tg-NHa/resin composites. The order
of thermal stability in POSS/resin composites is as following: Tg-
NHy/resin > Tg-Clg/resin > Tg-SHg/resin > neat resins with 1 wt%
POSS addition, which coincided with the TGA test results above.

4. Conclusion

In this paper, three kinds of POSS (aminopropyl, mercaptopropyl
and chloropropyl) were synthesized and incorporated in silicone
resins. Both the effects of different kinds of functional groups and
the content of POSS on the thermal stability of silicone resins were
investigated. When the Tg-NH; content was 1 wt%, the Tsy of the
silicone resins was dramatically increased, with the highest
decomposition temperature reaching 585.5 °C, nearly 45 °C
improvement compared with neat resins. Three kinds of POSS
improve the thermal stability of POSS/resin composites when the
POSS adding is 1 wt% by forming hydrogen bond with silicone
resins. This study proposes a novel method to improve the
decomposition of silicone resins by adding POSS.
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