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Synthesis and characterization of novel
silicon-containing aromatic bispropargyl ether

resins and their composites

Fangfang Li, Canfeng Wang, Xuening Shen, Farong Huang and Lei Du

A series of silicon-containing aromatic bispropargyl ether resins—poly(dimethylsilylene-co-propynylene ether resorcinol)
[-Si(CH3),-C=C-CH,—-0-Ar-0-CH,-C=C-], (polymer a), poly(dimethylsilylene-co-propynylene ether bisphenol A) [-Si(CH3),—
C=C-CH,—0-Ar-C(CH3),-Ar—-0-CH,-C=C-1],, (polymer b) and poly(dimethylsilylene-co-propynylene ether hexafluorobisphenol A)
[-Si(CH3),—C=C-CH,—0-Ar-C(CF3),—Ar-0-CH,—C=C-],, (polymer c)—were synthesized from bispropargyl ethers bisphenol and
dimethyldichlorosilane by a Grignard reaction. The polymers were characterized by Fourier transform infrared, hydrogen-1
nuclear magnetic resonance, gel-permeation chromatography, rheological analysis, differential scanning calorimetry and
thermogravimetric analysis. The results showed that the obtained polymers could be cured at ~240 °C and displayed good
heat resistance and processing properties. Degradation temperatures of the three cured polymers at 5% weight loss (Tys5) were
above 400 °C, and thermal stabilities increased in the order polymer ¢ <polymer b <polymer a. Carbon fiber (T300)-reinforced
composites were prepared by a solution-impregnation process using tetrahydrofuran as solvent. The flexural strength, flexural
modulus and shear strength of the composites of polymer ¢ reached 408 MPa, 53.3 GPa and 24.8 MPa, respectively, which

were higher than those of polymers a and b.
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INTRODUCTION

In recent years, many studies have been devoted to the synthesis of
silicon-containing polymers because of their potential applications in
areas such as coatings, composite matrices, ceramic precursors, optical
materials and semi-conducting materials.!”!! Some silicon-containing
thermosetting polymers with ethynyl or ethynylene groups have been
explored and developed. Itoh et al.'>"1> prepared poly(phenylsilylene-
ethynylene-1,3-phenyleneethynylene) [-Si(Ph)H-C=C-C¢H,~C=C-],
(abbreviated MSP) by a dehydrogenative coupling polymerization
reaction between phenylsilane and m-diethynylbenzene in the presence
of magnesium oxide. The decomposition temperature of the cured
polymer at 5% weight loss (T4s) was above 860 °C, and the residue
yield at 1000°C was 94%. Buvat et al!®17 synthesized poly(silyle-
neethynylene-phenyleneethynylene) terminated with phenylacetylene
(abbreviated as BLJ) on the basis of MSP. The BLJ resin had good
processability and high heat resistance. In our laboratory, Wang et al.'3
prepared poly(dimethylsilyleneethynylene-phenyleneethynylene) termi-
nated with phenylacetylene, and the results showed that the resin had
good processing performance and high thermal stability.

However, the high cross-linking density of cured silicon-containing
polymers with [-SiR)-C=C-] and [-SiR,~C=C-Ar-C=C-] units
(R=alkyl or phenyl) resulted in low toughness, and the embrittle-
ment influenced the mechanical properties of the composites.
In addition, these polymers were prepared from expensive diyne
monomers. High price and low toughness have limited the develop-
ment and applications of these polymers and their relevant products.
The basic polymer structure design was an important factor in
improving the toughness. In this paper, three kinds of low-cost
aromatic bispropargyl ethers (namely bispropargyl ether resorcin,
bispropargyl ether bisphenol A and bispropargyl ether hexa-
fluorobisphenol A) were used as diyne monomers to prepare novel
silicon-containing aromatic bispropargyl ether polymers, poly(di-
methylsilylene-co-propynylene ether bisphenol) [-Si(CHj;),—C=C-
CHy-O-R-O-CH,—C=C-], (R=Ar, Ar—C(CH3),-Ar and Ar—C
(CF3),—Ar). The flexible units ~Ar—O—CH,— in the main chains of
the polymers should enhance the mechanical properties of the
composites compared with those of silicon-containing arylacetylene
polymers.
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EXPERIMENTAL PROCEDURE

Materials

Tetrahydrofuran (THF) (chemical purity) and toluene (analytical reagent) were
dried over sodium and distilled before use. Ethyl bromide (analytical reagent)
and dimethyldichlorosilane were distilled before use. Magnesium powder was
used as purchased, without any treatment. All of the materials mentioned above
were purchased from Sinopharm Chemical Reagent (Shanghai, China). Carbon
fibers (two-dimensional fabric, plain, T300) were purchased from Toray
Company (Tokyo, Japan). Bispropargyl ether bisphenol A, bispropargyl ether
hexafluorobisphenol A and bispropargyl ether resorcin were synthesized
according to the literature.!”

Instruments

The Fourier transform infrared (FT-IR) spectra of the polymers were collected
using a Nicolet 5700 infrared spectrophotometer (Thermo Electron Scientific
Instruments Corporation, Waltham, MA, USA). The hydrogen-1 nuclear
magnetic resonance ('H-NMR) spectrum was measured in CDCl; solution at
500MHz using an AVANCE 500 spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany) using tetramethylsilane as an internal standard. Rheo-
logical behavior was traced on a RheoStress RS600 rheometer (Thermo Haake
Corporation, Paramus, NJ, USA) at a heating rate of 2°Cmin~! and a shear
rate of 0.1 s~ L. Differential scanning calorimetry (DSC) was conducted using a
200-PC temperature-modulated system (NETZSCH-Geritebau GmbH, Selb,
Germany) with a heating rate of 10°Cmin~! and a nitrogen flow rate of
15 cm® min~!, Thermogravimetric analyses were conducted on a thermogravi-
metric analysis/SDTA 851 analyzer (Mettler-Toledo GmbH, Greifensee, Switzer-
land) under nitrogen at a heating rate of 10 °Cmin~'. The flexural and shear
tests of the composites were conducted using DXLL-5000 Universal Tension
Tester (Shanghai De Jie Instrument Equipment, Shanghai, China) according to
the China State Standard GB/T3356-1999.

Synthesis of poly(dimethylsilylene-co-propynylene ether bisphenol)
The entire reaction process was carried out in dry nitrogen. Magnesium powder
(14.40g, 0.60mol) and THF (150 ml) were added to a 1000-ml four-neck
round-bottom flask equipped with a condenser, a thermometer, a constant-
pressure dropping funnel and a stirrer. To the flask, ethyl bromide (56.68 g,
0.52mol) in THF (50 ml) was added drop-wise for 1h, and then the mixture
was refluxed for 1.5h to produce ethylmagnesium bromide. Thereafter, the
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reaction system was cooled to room temperature, and a solution of bispro-
pargyl ether bisphenol (0.25mol) in THF (150ml) was added over 2h with
stirring. The reaction was continued for an additional 3 h while refluxing to
produce the expected organic magnesium Grignard reagents.

Next, a solution of dimethyldichlorosilane (21.93g, 0.17mol) in THF
(50 ml) was drop-wise added to the flask at room temperature over 1h, and
the reaction system was further refluxed for another 4 h. Thereafter, a solution
of acetic acid (30.00g, 0.50mol) in toluene (150 ml) and 150 ml 2% aqueous
hydrochloric acid were drop-wise added to the flask, which was placed in an ice
water bath to cool. The resulting oil phase was separated out, washed with de-
ionized water and then dried using anhydrous sodium sulfate. The solvent was
removed in vacuo to obtain a viscous brown liquid with 87-93% yield. The
synthesis route to silicon-containing aromatic bispropargyl ether resins is
shown in Figure 1.

'"H-NMR (6/p.p.m.): Polymer a: 0.39 (s, 6H, Si-CH3), 2.53 (s, 1H, C=CH),
4.68 (s, 2H, —CH,—), 6.60 (s, 3H, Ar—-H), 7.20 (s, 1H, Ar—H). Polymer b: 0.32
(s, 6H, Si—-CH3), 1.63 (s, 6H, C-CH3), 2.51 (s, 1H, C=CH), 4.65 (s, 2H, -CH,—),
6.88 (s, 2H, Ar-H), 7.13 (s, 2H, Ar-H). Polymer c: 0.33 (s, 6H, Si-CHj3), 2.54
(s, 1H, C=CH), 4.71 (s, 2H, —CH,-), 6.97 (s, 2H, Ar—-H), 7.32 (s, 2H, Ar-H).

FT-IR (cm™1): Polymer a: 3289 (=C-H), 2963(~CH3), 2178 (-C=C-), 1596,
1488 and 1453 (-Ar-), 1257 (Si-CHj), 1149 (-Ar-O-), 1043 (~O-CH,-).
Polymer b: 3287 (=C-H), 2967 (-CH3), 2183 (-C=C-), 1607, 1508 and 1451
(~Ar=), 1252 (Si=CHj), 1223 (~Ar—O-), 1183 (CH3~C~CHj), 1037 (<O—-CH,-).
Polymer c: 3297 (=C-H), 2966 (-CHj3), 2185 (-C=C-), 1611, 1513 and 1452
(~Ar-), 1252 (Si-CHj), 1205 (~Ar-O-), 1174 (CF3~C~CF3), 1038 (<O—CH,-).

Preparation of cured poly(dimethylsilylene-co-propynylene ether
bisphenol)

Three silicon-containing aromatic bispropargyl ether resins were cured in air
inside a temperature-controlled oven first for 2h at 210 °C, then for 2h at
240 °C, for 2h at 270 °C and finally for 4 h at 310 °C. Polymer b was post-cured
for an additional 4 h at 340 °C, and polymer c¢ for an additional 2h at 330°C
and for 4h at 360 °C. The cured resins were dense black solids.

Preparation of composites

Silicon-containing aromatic bispropargyl ether polymer/carbon fabric prepreg
was prepared by a solution-impregnation process using THF as the solvent.
Carbon fibers (two-dimensional fabric, plain, T300) were impregnated with

H—C=C—CH,~0—R—0—CH,~C=C—H

Mg + CchHgBr —_— CchHgMgBr
i
CI—SIi—Cl
CHs

polymer a: R=

polymer b: R=

polymer c: R=

Figure 1 Synthesis of poly(dimethylsilylene-co-propynylene ether bisphenol).
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silicon-containing aromatic bispropargyl ether resin solution (37 wt% resin in
THF) and dried in air for 6-10h. Thereafter, the prepreg sheets were stacked
and further dried in a vacuum oven to remove the solvent. The piled prepregs
of polymers a, b and ¢ were placed in a preheated mold and pressed under a
constant pressure of 3 MPa for 2 h at 210 °C, for 2 h at 240 °C, for 2h at 270 °C
and for 4h at 310 °C. The laminate of polymer b was further post-treated under
the same pressure for 4 h at 340 °C, and likewise polymer ¢ for 2 h at 330 °C and
4h at 360 °C. Finally, the composites were allowed to cool naturally to room
temperature, and high-quality composite laminates without voids were
obtained by prepreg consolidation.

RESULTS AND DISCUSSION

Structure characterization of poly(dimethylsilylene-co-propynylene
ether bisphenol)

Poly(dimethylsilylene-co-propynylene ether resorcinol) (polymer a),
poly(dimethylsilylene-co-propynylene ether bisphenol A) (polymer b)
and poly(dimethylsilylene-co-propynylene ether hexafluorobisphenol A)
(polymer c) were analyzed by GPC, 'H-NMR and FT-IR, respectively.
The GPC analysis results are presented in Table 1. As shown in the
table, the molecular weights (M,,) of polymers a, b and ¢ range from
1378 to 1668 with polydispersity index between 1.39 and 2.15.

The FT-IR spectra of poly(dimethylsilylene-co-propynylene ether
bisphenol) are given in Figure 2. The three silicon-containing aromatic
bispropargyl ether resins contained some identical groups with similar
absorption locations. All resins featured absorptions near 3290 cm™!
(=C-H), 3080cm™! (Ar-H), 2965 cm! (-CHj3), 2180 cm! (-C=C-),
1255cm™! (Si—CH3), 1205 cm ™! (~Ar—O-) and 1040 cm™! (-O—-CH,-).
In addition, adsorptions at 1183cm™! in the FT-IR spectra of
polymer b and at 1174cm™! in the spectra of polymer ¢ were
attributed to CH3—C—CHj; and CF;—C-CF; skeleton-stretching vibra-
tions, respectively.

The 'H-NMR spectra of poly(dimethylsilylene-co-propynylene
ether bisphenol) are shown in Figure 3. The three silicon-containing
aromatic bispropargyl ether resins contained some identical groups
with similar resonance peaks in the '"H-NMR spectra. The reson-
ance peaks at 6.60—7.32 p.p.m. were assigned to the aromatic protons
(Ar-H), whereas the peaks near 4.70 p.p.m. were caused by the
methylene groups (-CH,—). The peaks of ethynyl groups (-C=C-H)
appeared near 2.52 p.p.m. and those of the silane units (-Si(CH3),—)
between 0.32 and 0.39 p.p.m. The peak at 1.63 p.p.m. in the spectrum
of polymer b was attributed to —C(CH3),— in the backbone.

Rheological behavior of poly(dimethylsilylene-co-propynylene
ether bisphenol)

The viscosity of each resin was measured using a theometer. As seen in
Figure 4, the viscosity showed an obvious initial decrease as the
temperature increased, then stabilized and finally increased dramati-
cally when the temperature reached a certain value. Polymers a, b and
¢ had different melting temperatures. Polymer a melted at 61°C,

Table 1 Molecular weights of poly(dimethylsilylene-co-propynylene
ether bisphenol)

Molecular weight

Sample Calculated® M, M, PDI

polymer b at 85°C and polymer c at 93 °C. Melted polymer a had a
viscosity of 5.23 Pas, whereas for polymer b it was 4.90Pas and for
polymer c 6.26 Pas. Gelation temperatures were also different. Curing
reactions of polymers a, b and ¢ took place at 240, 245 and 249 °C,
respectively, when gelation occurred. Accordingly, the processing
windows of polymers a, b and ¢ were 61-240°C, 85-245°C and
93-249 °C, respectively. In conclusion, the curing reaction activities of
silicon-containing aromatic bispropargyl ether resins were affected
by the different structures of aromatic bispropargyl ethers in their
backbones.

The curing reaction of poly(dimethylsilylene-co-propynylene ether
bisphenol)

The curing behaviors of the three polymers were investigated by DSC
under nitrogen at a heating rate of 10°Cmin~!. The corresponding
DSC thermograms are displayed in Figure 5. The temperature of cure
initiation for polymer a was 240 °C, whereas for polymer b it was
248 °C and for polymer ¢ 258 °C. It was observed that polymer a
showed a unimodal reaction exotherm, whereas polymers b and ¢
showed double-peaked exotherms. It was assumed that two reactions
occurred during the curing process. The exotherm at the lower
temperature in the DSC curves was attributed to the rearrangement
of terminal propargyl ether groups into a chromene ring,?*~>> whereas
the exotherm at the higher temperature was caused by the cross-
linking reactions of internal alkyne groups in the polymer.2® The DSC
exotherm for polymer a peaked at 276 °C. The DSC exotherms at the
lower temperatures for polymers b and ¢ peaked at 288 and 297 °C,
respectively. The rearrangement of the propargyl ether groups into a
chromene ring was electrophilic in nature, and it was retarded by the
presence of electron-withdrawing groups on the benzene ring. The
perfluoroisopropylidene group (in polymer ¢) was more electron
withdrawing than was the isopropylidene group (in polymer b),
which in turn, was more electron withdrawing than was the propargyl
ether group (in polymer a); hence, the onset and peak temperatures in
the rearrangement reactions of polymers a, b and c increased in turn.
As shown in Figure 5, the DSC exotherms for polymers a, b and ¢
peaked at 276, 313 (higher temperature) and 332 °C (higher tempera-
ture), respectively, and were mainly affected by the cross-linking
reactions of the internal alkyne groups. The steric hindrance of

polymer c

polymer b

3287 2183

2967

Transmittance (%)

polymer a

2178

3289 1488
596

776
1155
1500

1378
1505
1668

2638
2098
3591

1.91
1.39
2.15

Polymer a
Polymer b
Polymer ¢

Abbreviations: NMR, nuclear magnetic resonance; PDI, polydispersity index.
%Values calculated were based on the NMR integration.
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Figure 2 Fourier transform infrared (FT-IR) spectra of poly(dimethylsilylene-
co-propynylene ether bisphenol).
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Figure 3 1H-NMR spectra of poly(dimethylsilylene-co-propynylene ether bisphenol). 'H-NMR, hydrogen-1 nuclear magnetic resonance.

resorcinol (in polymer a), isopropylidene group (in polymer b) and
perfluoroisopropylidene group (in polymer c¢) increased in turn,
which greatly influenced the cross-linking reactions of the internal
alkyne groups. Therefore, the peak temperature of the cross-linking
reaction of the internal alkyne of polymer ¢ was higher than that of
polymer b, which in turn was higher than that of polymer a. In
particular, the steric hindrance of resorcinol was much smaller than
that of the other two, and the exotherm peak representing the
rearrangement of the terminal propargyl ether groups into a chromene
ring overlapped that representing the internal alkyne reaction. Thus,
polymer a showed a unimodal reaction exotherm. The exothermic
heats (AH) of curing of polymers a, b and ¢ were 1251, 420 and
618 J mol ™!, respectively, depending on the structures of the aromatic
bispropargyl ethers.

Polymers a, b and ¢ were heat treated under different isothermal
conditions depending on the different structures of the polymers. The
heat-treated samples were analyzed with liquid-state "H-NMR spec-
troscopy. For all the polymers studied in this paper, the same types of

reaction products formed in the curing mixture. Thus, from a
mechanistic point of view, we present the result obtained from
polymer ¢ as an example. Polymer ¢ was heat treated at 210 °C for
3h. The possible reaction occurring in the first stage of the curing
process of polymer c is shown in Figure 6, and the demonstration of
chromene formation by liquid-state 'H-NMR is shown in Figure 7.
In 'H-NMR, the presence of several well-characterized signals was
noted. A methylene group appeared at 4.87 p.p.m. and a vinylidene
group at 5.77 and 6.32 p.p.m., both characteristic of chromene.

Thermal stability of cured poly(dimethylsilylene-co-propynylene
ether bisphenol)

The thermal stabilities of the cured polymers a, b and ¢ were assessed
by thermogravimetric analyses under nitrogen at a heating rate of
10 °Cmin~!. The thermograms of the three polymers are compiled in
Figure 8, and the data are presented in Table 2. As shown in Figure 8,
the decomposition process for the cured polymers was performed in
one stage. The degradation temperatures at 5% weight loss (T4s) of
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the three cured polymers were above 400 °C and increased as follows:
polymer ¢ <polymer b <polymer a. The residue yields of polymers a,
b and c at 800 °C were 69.0, 56.5 and 41.8%, respectively, whereas
those at 1000 °C were 67.0, 55.2 and 40.5%, respectively. Thermal
stability was dependent on the backbone structures and the cross-
linking densities of the cured polymers. Structures of the polymers
were mainly different in the bisphenol used. The thermal stability of
isopropylidene group (in polymer b), resorcinol (in polymer a) and
perfluoroisopropylidene group (in polymer ¢) increased in turn, but
the steric hindrance of the perfluoroisopropylidene group was larger
than that of the other two, which greatly reduced the cross-linking
density of cured polymer c. The cross-linking density of cured

800 |
—o— polymer a
—o— polymer b
—o— polymer ¢
600 -
w
o]
o ‘
2 400 4 I
w o
o
(]
1
>
200 i f
It
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J | ]
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Figure 4 Viscosity-temperature curves of poly(dimethylsilylene-co-propynylene
ether bisphenol).
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Figure 5 DSC thermograms of poly(dimethylsilylene-co-propynylene ether
bisphenol). DSC, differential scanning calorimetry.

polymer a was higher than that of polymers b and c¢; therefore,
polymer a had the highest thermal stability of the three polymers.

Mechanical properties of carbon fiber-reinforced composites

Table 3 shows the properties of carbon fiber fabric (T300)-reinforced
poly(dimethylsilylene-co-propynylene ether bisphenol) composites at
room temperature. The flexural strength, flexural modulus and shear
strength of polymer ¢ composite were found to be 408 MPa, 53.3 GPa
and 24.8 MPa, respectively. The composites of polymer ¢ had better

i
| Cc
CF3 ¢
= b
a b g
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6.0 55 50 45

L |

J I * I X T ' T 3 I L I X I ¥
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Figure 7 Identification of the chromene ring formation of heat-treated
polymer ¢ in the curing reaction mixture by H-NMR (7=210°C, t=3h).
IH-NMR, hydrogen-1 nuclear magnetic resonance.
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Figure 8 TGA thermograms of poly(dimethylsilylene-co-propynylene ether
bisphenol). TGA, thermogravimetric analysis.
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Figure 6 Chromene ring formation of terminal propargyl ether groups of polymer c.
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Table 2 TGA analysis results of poly(dimethylsilylene-co-propynylene
ether bisphenol)

Sample Tas °C) Residue at 800°C (%) Residue at 1000°C (%)
Polymer a 438 69.0 67.0
Polymer b 411 56.5 55.2
Polymer ¢ 400 41.8 40.5

Abbreviation: TGA, thermogravimetric analysis.

Table 3 Properties of carbon fiber (T300)-reinforced composites

Flexural strength Flexural modulus Shear strength
Sample (MPa) (GPa) (MPa)
Polymer a 215 41.6 15.4
Polymer b 370 51.9 24.0
Polymer ¢ 408 53.3 24.8

mechanical properties than did those of the other two, as shown
in Table 3. The polymers became brittle with increasing cross-link
density, and the embrittlement decreased the strength of the compo-
sites. The cross-linking density of cured polymer ¢ was lower than that
of polymers a and b. Therefore, the mechanical properties of polymer
¢ composites were better than those of polymers a and b.

Conclusions

Three different poly(dimethylsilylene-co-propynylene ether bisphenol)
resins were successfully synthesized. The structures and properties of
the polymers were characterized by FT-IR, NMR, GPC, rheological
analysis, DSC and thermogravimetric analysis. The processing
windows of polymers a, b and ¢ were 61-240°C, 85-245°C and
93-249 °C, respectively. The curing reaction took place at 240 °C for
polymer a, 248 °C for polymer b and 258 °C for polymer c. The
degradation temperatures of the three cured polymers at 5% weight
loss (Tys) were all above 400 °C. Cured polymer a displayed the
highest thermal stability, as derived from its cross-linking density. The
flexural strength, flexural modulus and shear strength of composite of
polymer ¢ were 408 MPa, 53.3 GPa and 24.8 MPa, respectively. The
composites of polymer ¢ had better mechanical properties than did
those of polymers a and b.
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