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ABSTRACT: Polyhedral oligomeric octa(propargylaminophenyl)silsesquioxane (OPAPS) was used to prepare composite resins with

prepolyarylacetylene (prePAA). The curing and thermal behaviors of the PAA/OPAPS composites were studied through Fourier-trans-

form infrared (FTIR), X-ray diffraction (XRD), differential scanning calorimetric (DSC), thermogravimetric (TGA), and scanning

electron microscopic (SEM) analysis and by direct observation. The morphologies of the PAA/OPAPS resins proved that there was

good compatibility between PAA and OPAPS. FTIR analysis indicated formation of a conjugated diene and aromatic ring groups in

the thermal curing process of the resins. DSC analysis implied that the addition of OPAPS to prePAA could decrease the exothermic

heat and widen the temperature range in the curing process of prePAA. According to TGA analysis, a 10 wt % addition of OPAPS

to PAA can maintain the thermal stability of PAA in N2 atmosphere and somewhat enhance the thermal-oxidative stability.
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INTRODUCTION

Polyarylacetylene (PAA), a new kind of high performance resin,

is increasingly being developed as the matrix for high-tempera-

ture composites in next-generation carbon–carbon composites,

ablation materials, and structural materials owing to its out-

standing heat resistance.1–3 PAA is a highly cross-linked aro-

matic polymer that contains only carbon and hydrogen when it

is cured by means of addition polymerization, as shown in

Scheme 1. This addition polymerization improves the thermal

stability and oxidation characteristics of PAA. The char yield of

the PAA resins can reach approximately 85–90 wt % when they

are heated to high temperatures in an inert atmosphere.4,5

However, there are still two main shortcomings for PAA resin.6,7

First, the curing exothermic heat is very high and the curing

rate is so fast that the resin could explode during processing.

Second, the mechanical properties of PAA composites are com-

parably poor, especially the interlaminar shear strength, and the

composites are brittle and have poor structural integrity. Poly-

mer blending is a traditional method for improving the per-

formance of PAA resins.8 For example, novolac resins, including

propargyl–novolac resin, boron–novolac resin, and N-(4-propar-

gyloxyphenyl) maleimide, blended with prePAA could slow the

curing rate.6,9,10 However, the char yield of the modified PAA

resins decreases significantly due to the poor thermal stability of

the blending polymers.

Polyhedral oligomeric silsesquioxanes (POSSs) are a type of

three-dimensional, structurally well-defined cage molecule with

the general formula (RSiO1.5)n. The inorganic silica-like core is

surrounded by organic groups and the cage size is about 1.5

nm.11–14 Typical POSS derivatives have the structure of a cube-

octameric framework covalently bonded with eight organic

groups, one or more of which is reactive or polymerizable.

These POSS derivatives have attracted considerable interest for

many years due to their high performance, which originates

from the combination of advantages of the inorganic and or-

ganic components in these materials. POSS cages can be incor-

porated into polymers via copolymerization,15–18 grafting,19,20

or blending.21–23 They have been successfully used to improve

polymer properties such as use temperature, oxidation resist-

ance, and mechanical properties.17,21,22,24,25

Additional Supporting Information may be found in the online version of this article.
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In our previous work,26 a novel polyhedral oligomeric octa(pro-

pargylaminophenyl)silsesquioxane (OPAPS, (SiO1.5C6H4NHCH2

CBCH)8) was prepared from octaphenylsilsesquioxane (OPS)

via octa(aminophenyl)silsesquioxane (OAPS) by following the

literature methods (Scheme 2).27–29 The terminal alkynyl groups

in OPAPS could participate in the thermal curing process of

prePAA. In this study, we investigated the thermal curing reac-

tions of prePAA composites based on OPAPS, and the thermal

behaviors of the curing products have been analyzed.

EXPERIMENTAL

Materials

A pre-polyarylacetylene (prePAA) was provided by the Institute

of Aerospace Materials and Processing Technology, China. Octa-

phenylsilsesquioxane [OPS, Si8O12(C6H5)8, M ¼ 1033.2, 97%]

was purchased from Hybrid Plastics, USA. Propargyl bromide

was obtained from Alfa Aesar, China. Triethylamine, NaCl,

Na2SO4, and solvents such as dimethyl formamide (DMF), tet-

rahydrofuran (THF), ethyl acetate, and hexane, were of analyti-

cal purity and obtained from Beijing Chemical Works, China.

Synthesis of OAPS

Octa(aminophenyl)silsesquioxane (OAPS) was synthesized from

OPS by the method described in the literature.27–29 OAPS: 1H-nu-

clear magnetic resonance (NMR) spectroscopy (500 MHz, DMSO-

d6, d): 7.4–6.2 (2.0H, Ar H), 5.4–4.5 (1.0H, –NH2); 29Si solid

NMR (400 MHz, d): �68.3, �77.5; 13C-NMR (500 MHz, DMSO-

d6, d): 153.2, 147.9, 135.1, 131.4, 128.6, 121.2, 119.3, 116.4, 114.6,

113.3; Fourier transform-infrared (FTIR) spectroscopy (KBr): m
¼ 3456 and 3358 (-NH2), 1115 (SiAO) cm�1; Analysis calculated

for OAPS: C 50. 0, H 4.16, N 9.71; found: C 48.9, H 4.38, N 9.31.

Synthesis of OPAPS

Octa(propargylaminophenyl)silsesquioxane (OPAPS) was syn-

thesized from OAPS by our previously reported method.26 The

Scheme 2. Synthesis of OPAPS.

Scheme 1. Molecular structure of (a) prePAA; (b) PAA resin.
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detail process of synthesis of OPAPS could be found in the

Supporting Information. OAPS: 1H-NMR (500 MHz, DMSO-

d6, d): 7.9–6.5 (3.81H, Ar H), 4.2–4.0 (0.54H, –NH–), 4.0–3.5

(1.84H, –CH2–), 3.1–2.8 (1.00H, –CBCH); 29Si solid NMR

(400 MHz, d): �77.9; 13C-NMR (500 MHz, DMSO-d6, d):

162.4, 146.9, 128.9, 124.3, 120.0, 79.5, 75.1; FTIR (KBr): 3288,

2113, and 642 (–CBCH), 3375 (–NH–), 2922, and 2827

(–CH2–), 1115 (SiAO) cm�1; Analysis calculated for OPAPS: C

59.2, H 4.39, N 7.68; found: C 56.1, H 4.43, N 7.69.

Thermal Curing of PAA Composites Based on OPAPS

Three different concentrations (10, 20, and 30 wt %) of the

OPAPS blending with prePAA have been looked at in this work.

The OPAPS powder was weighed and dissolved in THF. PrePAA

was then added to the solution and stirred to obtain a homoge-

neous solution at room temperature. The solution was heated

to 40�C with continuous stirring to evaporate the solvent and

then degassed under vacuum at 40�C for 15 min to remove the

residual solvent. The viscous prePAA/OPAPS (2 g) mixture was

then transferred to a glass bottle. The resins were heated to

obtain thermally cured products under air in an oven with a

continuous program of 130�C/1 h ! 150�C/1 h ! 170�C/1 h

! 190�C/1 h ! 210�C/1 h !230�C/1 h ! 250�C/1 h. The

cured PAA/OPAPS composites were black–brown solids.

Characterization

Scanning electron microscopy (SEM) was used to study the

morphology of a gold-coated cross-sectional area with an accel-

erating voltage of 10.0 kV. The C, O, and Si elements in the

samples were verified by an energy dispersive X-ray spectros-

copy (EDXS EX-350) in the SEM (Hitachi S-4800).

The FTIR spectra of these products pressed into KBr pellets

were recorded by a Nicolet 6700 IR spectrometer. The spectra

were collected in 32 scans with a spectral resolution of 4 cm�1.

DSC measurements were performed on a Netzsch DSC 204 F1

instrument (Germany) in the temperature range of 30–350�C with

a heating rate of 10�C/min in a nitrogen flow of 20 mL/min.

The X-ray diffraction (XRD) analysis was achieved using an

XPERT-PRP diffractometer system; Cu Ka radiation was used

with a copper target over the 2y range of 5–60�.

Thermal gravimetric analysis (TGA) was performed on a

Netzsch 209 F1 thermal analyzer at a heating rate of 10�C/min

over the temperature range of 40–900�C.

RESULTS AND DISCUSSION

Morphological Properties of PAA/OPAPS Composites

The PAA/OPAPS composites with different amounts of OPAPS

were prepared. As can be seen from the fractured surfaces of

Figure 1. SEM micrographs and EDXS spectra of PAA and PAA/20%OPAPS. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Scheme 3. Structure of PAA/OPAPS composite.
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the PAA and PAA/OPAPS composites (in the Supporting Infor-

mation), both the PAA/10%OPAPS and the PAA/20%OPAPS

samples have a bright black appearance, the same as the pure

PAA sample. However, the PAA/30%OPAPS sample is not very

bright because of the high amount of OPAPS. The compatibility

between PAA and OPAPS is better compared with PAA/OPS

because the PAA/OPS sample phase separates into a polymer

rich upper layer and an OPS rich lower layer (in the Supporting

Information).

The morphologies of the fractured surfaces and the EDXS spec-

tra of PAA and PAA/20%OPAPS resins were observed by SEM.

In Figure 1, it is seen that the PAA/20%OPAPS composite

shows homogenous and smooth morphology, with no macro-

phase separation. The Si and O elements are observed in the

EDXS spectra of the PAA/20%OPAPS composite. The well-

dispersed PAA/20%OPAPS composite can be attributed to

reactions among the terminal alkynyl groups of prePAA and

OPAPS by which SiAO cages are connected to the cross-linking

PAA networks. The compatibility of OPAPS and PAA is

enhanced. The structure of the PAA/OPAPS composite is shown

in Scheme 3.

XRD Analysis of PAA/OPAPS

The XRD patterns of the OPAPS, PAA, and PAA/OPAPS

composites are displayed in Figure 2. PAA or PAA/OPAPS com-

posites show two wide, amorphous diffraction peaks. Compared

with PAA/OPAPS, OPAPS shows a diffraction peak at 2y
¼ 6.45�, indicating a d-spacing of 13.7 Å (by Bragg’s equation).

This diffraction peak is related to the local order among OPAPS

molecules of SiAO caged structure.32,33 The cross-linking reac-

tions between PAA and OPAPS have eliminated the local order

of the individual OPAPS molecules.

FTIR Analysis of PAA/POSS

Figure 3 presents FTIR curves of prePAA, OPAPS, PAA, and

PAA/20%OPAPS, and the assignment of the absorption peaks

Figure 2. X-ray diffraction patterns of OPAPS, PAA, and PAA/OPAPS.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. FTIR spectra of prePAA, OPAPS, PAA, and PAA/20%OPAPS.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. Assignment of FTIR Spectra of prePAA, OPAPS, PAA, and PAA/

20%OPAPS

Wavenumber (cm�1) Assignment

3374 ANHA stretching vibration

3288 CAH stretching vibration of ACBCH

3024 CArAH stretching vibration

2963 CAH stretching vibration of ACH¼¼CHA

1900 overtone band of aromatic ring

1594 C¼¼C stretching vibration

1102 SiAOASi vibration

610 CAH deformation vibration of ACBCH

Figure 4. DSC curves of prePAA, OPAPS, and prePAA/20%OPAPS.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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are presented in Table I. FTIR results show that the CAH vibra-

tion absorption peaks of ACBCH (3288 and 610 cm�1) of PAA

are significantly weaker compared with those of prePAA. At the

same time, the peaks of the CArAH stretching vibration (3024

cm�1), the CAH stretching vibration of ACH¼¼CHA (2963

cm�1), the overtone band of the aromatic ring (1900 cm�1),

and the C¼¼C stretching vibration (1594 cm�1) appear, obvi-

ously due to the formation of the aromatic ring and the conju-

gated diene structures in the PAA and PAA/OPAPS products.

The characteristic peak of the SiAOASi group at 1102 cm�1

appears in PAA/OPAPS composites. In addition, the absorption

peak of the ANHA stretching vibration (3374 cm�1) is main-

tained in the spectra of PAA/OPAPS.

Curing Behaviors of prePAA and prePAA/OPAPS

Figure 4 shows the DSC curves of prePAA, OPAPS, and

prePAA/20%OPAPS at the heating rate of 10 K/min. The exo-

thermic peaks in the DSC curves are due to the reaction among

the ACBCH bonds. It is seen that the curing reactions of the

CBCH bonds of OPAPS happen in a wider and higher range of

temperatures than that of prePAA, and the temperature of the

exothermic peak (Tp) is at 265�C (70�C higher than that of

prePAA). The value of Tp of prePAA/20%OPAPS is 5.5�C higher

than that of prePAA. At the same time, the exothermal heat

(DH) (see Table II) of prePAA/20%OPAPS is less than the DH
of both prePAA and OPAPS because of the incorporation of an

inorganic silica-like core into prePAA. This means that prePAA/

20%OPAPS has a more controllable curing reaction by copoly-

merization than prePAA.

The curing kinetics of prePAA and prePAA/20%OPAPS were

investigated by DSC measurements in the range of 30�330�C at

the heating rates of 5, 7.5, 10, and 15 K/min. Figure 5 shows the

curves of heat flow versus the temperature at different heating

rates for prePAA and prePAA/20%OPAPS. The exothermal heat

DH, the temperature of the exothermic peak Tp, and the heat flow

at the exothermic peak temperature Hp are listed in Table II.

As shown in Figure 5, the heat-flow curves shifted to higher

temperatures as the heating rate increased for the two systems.

The average curing reaction heat DH is 510 J/g for prePAA but

Table II. DSC Results of prePAA and prePAA/20%OPAPS

Heating
rate /
(K/min) 5 7.5 10 15

prePAA DH (J/g) 468.4 536.8 513.3 521.1

Tp (�C) 183.6 189.8 195.1 200.8

Hp (W/g) 1.73 4.02 4.15 15.6

prePAA/
20%OPAPS

DH (J/g) 342.4 339.5 374.9 434.8

Tp (�C) 187.9 194.9 200.6 205.5

Hp (W/g) 1.13 1.74 2.52 5.08

Figure 5. DSC curves of prePAA and prePAA/20%OPAPS at different

heating rates. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table III. Kinetic Parameters of the Thermal Curing Reaction of prePAA and prePAA/20%OPAPS

Samples Methods Ea (kJ/mol)
Correlation

coefficient R2 A (1011 min�1) na

prePAA Ozawa 108.5 0.9995 0.982

Kissinger 106.5 0.9994 4.50

prePAA/
20%OPAPS

Ozawa 106.2 0.9943 0.978

Kissinger 103.9 0.9935 1.66

aCrane method.30
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373 J/g for prePAA/20%OPAPS. Another interesting fact is that

the Hp of prePAA is higher than that of prePAA/20%OPAPS,

especially at the heating rate of 15 K/min. The low DH and Hp

of prePAA/20%OPAPS make the curing process easy to control.

The Ozawa and Kissinger methods were used to calculate the

kinetic parameters (activation energy Ea, frequency factor A,

and reaction order n) of the above-mentioned thermally curing

reactions, and the results are shown in Table III.32–35 The values

of Ea calculated according to the Ozawa and Kissinger methods

are 108.5 and 106.5 kJ/mol, respectively, for prePAA, and 106.2

and 103.9 kJ/mol, respectively, for prePAA/20%OPAPS. Accord-

ing to our previous work,26 the values of Ea of OPAPS using

the two methods are 133.8 and 122.7 kJ/mol, respectively. The

value of Ea of prePAA/20%OPAPS is close to that of prePAA.

Furthermore, prePAA shows a much larger frequency factor A

compared with prePAA/20%OPAPS in Table III caused by the

decrease of the concentration of ACBCH after adding 20%

OPAPS in prePAA, and the large frequency factor A means a

large reaction-rate constant.

Thermal Stabilities of PAA and PAA/OPAPS Resins

Resins of PAA and PAA/OPAPS were prepared through a thermal

curing program of 130�C/1 h ! 150�C/1 h ! 170�C/1 h !
190�C/1 h ! 210�C/1 h ! 230�C/1 h ! 250�C/1 h. Their ther-

mal stabilities were evaluated by TGA. A reference polyOPAPS

was also prepared by the same curing program. The TGA curves

and parameters of these resins in nitrogen and air atmospheres

are presented in Figure 6. The relevant thermal decomposition

data, including the Td1 and Td5, defined as the temperatures at 1

and 5% weight-loss, respectively, and the value of Tmax defined as

the temperatures at the maximum weight-loss rate, and the char

residues at 900�C, are given in Table IV.

According to Figure 6, in N2 atmosphere, PAA/10%OPAPS resin

has thermal stability similar to that of PAA resin, but a higher

amount of OPAPS seems to be disadvantageous to its thermal

stability due to the existence of CH2 and NH bonds. Neverthe-

less, in air, PAA/10%OPAPS resin is more resistant to thermal-

oxidative degradation than PAA, PAA/20%OPAPS, and PAA/

30%OPAPS. Compared with the reference polyOPAPS, OPAPS

loading did not change the degradation path of PAA.

PAA and PAA/OPAPS resins were put in the furnace at 1000�C

in N2 for 1 h to obtain their residues. Mass fractions of the resi-

dues for PAA, PAA/10%OPAPS, PAA/20%OPAPS, and PAA/

30%OPAPS are 83.06%, 82.98%, 76.32%, and 70.09%, respec-

tively. The results are according with the results of TGA. The 10

wt % OPAPS adding to PAA would not destroy the thermal sta-

bility of PAA in N2. The surface of the residue for PAA/

30%OPAPS was white, implying a SiO2 substance. Figure 7

shows the XRD patterns of these residues. The results indicate

that the formation of SiO2 does not improve the thermal stabil-

ity of PAA/30%OPAPS resins in N2.

CONCLUSIONS

The curing and thermal properties of prePAA and prePAA/

OPAPS hybrids were investigated. The compatibility between

Figure 6. TGA curves of PAA, PAA/OPAPS, and polyOPAPS resins in N2

and air. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table IV. TGA Data of PAA, polyOPAPS, and PAA/OPAPS Composites

In N2 In air

Td1 (�C) Td5 (�C) Tmax (�C) Residues (%) Td1 (�C) Td5 (�C) Tmax (�C) Residues (%)

PAA 317.5 558.6 574.0 86.7 332.3 519.8 630.0 1.48

PAA/10%OPAPS 465.1 551.7 572.1 87.2 357.6 512.3 651.9 6.93

PAA/20%OPAPS 441.6 526.0 522.7 86.1 341.0 507.2 651.9 6.29

PAA/30%OPAPS 437.7 507.5 515.7 85.6 216.3 479.8 661.6 8.02

polyOPAPS 361.5 384.0 378.2 74.9 318.1 391.5 657.6 33.1
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prePAA and OPAPS was good due to the reaction of the termi-

nal alkynyl groups between OPAPS and prePAA. FTIR analysis

exhibited formation of the conjugated diene and aromatic ring

groups in the thermal curing processes of PAA and PAA/

OPAPS, and the caged POSS structures were maintained.

The addition of OPAPS to prePAA could decrease the exothermic

heat during the cross-linking process of the alkynyl groups. In the

DSC curves, prePAA/OPAPS not only showed a higher temperature

of the exothermic peak but also wider exothermic ranges and lower

exothermal heat than prePAA. These results mean a lower curing

rate of prePAA/OPAPS compared with prePAA. Kinetic analysis

based on DSC indicates that prePAA and prePAA/OPAPS have the

same activation energy, Ea, but different frequency factors, A.

The thermal stabilities of the PAA/OPAPS resins were evaluated.

A 10 wt % addition of OPAPS to PAA was able to maintain the

excellent thermal stability of PAA in N2 atmosphere, as evi-

denced by the mass fraction of residues of the PAA/OPAPS resin

heated to 1000�C in N2 for 1 h, and somewhat enhance the

thermal-oxidative stability.

The mechanical properties, especially the ILSS, and the ablative

resistance properties of PAA/OPAPS composites need to be

studied in the future work.
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