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ORIGINAL ARTICLE

Synthesis and characterization of poly(multi-
dimethylsiloxane-1,4-ethynylenephenyleneethynylene)s

Fei Gao, Farong Huang, Lemin Tang and Lei Du

A series of poly(multidimethylsiloxane-1,4-ethynylenephenyleneethynylene)s were synthesized by condensation reactions of
1,4-diethynylbenzene magnesium reagents with various o,®-dichlorodimethylsiloxanes. The polymers obtained were solids or
viscous liquids and are soluble in common organic solvents at room temperature. The structures and properties of the polymers
were characterized by Fourier transform infrared, 1H nuclear magnetic resonance (NMR), 13C NMR, differential scanning
calorimeter (DSC), dynamic mechanical analysis (DMA) and thermogravimetric analysis (TGA) techniques. DSC analyses showed
that these polymers can be thermally cured to form highly crosslinked structures. DMA studies revealed that the glass transition
temperatures of the cured polymers decreased with increasing siloxane chain length. TGA measurements showed that the cured
polymers were thermally stable up to almost 450 °C in both N, and air. With increasing length of the siloxane units, the thermal
stability of the cured polymers decreased. Silicon oxycarbide ceramics with high thermal stability were produced when the cured

polymers were pyrolyzed at 1200 °C under argon.
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INTRODUCTION
Polysiloxanes had been studied extensively, and some of them were
already commercialized in as early as the 1940s. Because of their good
thermal stability, there was increasing interest in using them as high-
temperature materials. Their thermal stability stems from the strong
bond energy of Si—-O bonds in the polymer chains. However, the
polymers were prone to depolymerization at elevated temperatures
because of random chain scission.! It had been demonstrated that the
incorporation of thermally stable aromatics into the polysiloxane
backbone could improve their properties, especially their thermal
stability.224

Diacetylene units had recently been incorporated into the main
chain of polysiloxanes, which improved their thermal, oxidative and
elastomeric properties.?>?* The improvement was attributed to the
crosslinked network structures formed during reaction by thermal or
photochemical means. Diethynylbenzene resins were discovered initi-
ally in the early 1960s by Hay.?> Diethynylbenzene resins could be
cured to a highly crosslinked aromatic structure by means of an
addition reaction without the evolution of volatiles. The presence of
diethynylenephenylene units in the backbone of the polymer provided
many attractive advantages. Itoh et al?® reported the synthesis of
poly(silyleneethynylenephenyleneethynylene)s with excellent heat- and
flame resistant properties. However, few polysiloxanes containing
diethynylenephenylene units in the main chain had been synthesized
thus far.2”28

In this paper, a series of novel poly(siloxane)s containing diethy-
nylenephenylene units were synthesized and characterized by gel
permeation chromatography (GPC), nuclear magnetic resonance
(NMR), Fourier transform infrared, differential scanning calorimeter
(DSC), dynamic mechanical analysis (DMA) and thermogravimetric
analysis (TGA) techniques.

EXPERIMENTAL PROCEDURE

Materials

Unless otherwise noted, all syntheses were performed under an atmosphere of
dry nitrogen. Hexane, tetrahydrofuran (THF), carbon tetrachloride (CCly), ethyl
bromide, ethyl ether, dimethyldichlorosilane, palladium dichloride (PdCl,), silica
gel, magnesium powder and phosphorus pentoxide (P,0s) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). THF was dried and
deoxygenated by distillation from the flask with sodium/benzophenone. CCl, was
dried over P,O5 and distilled under nitrogen. Dimethyldichlorosilane and ethyl
bromide were distilled before use. Dimethylchlorosilane and 1,1,3,3-tetramethyl-
disiloxane were used as received from Shanghai Sili Gongmao Co. Ltd. (Shanghai,
China). Octamethylcyclotetrasiloxane (D4) was used as received from Shanghai
Hua Run Chemicals Co. Ltd. (Shanghai, China). 1,1,3,3,5,5-Hexamethyltrisiloxane,
1,1,3,3,5,5,7,7-octamethyltetrasiloxane, 1,1,3,3,5,5,7,7,9,9-decamethylpentasiloxane,
1,1,3,3,5,5,7,7,9,9,11,11-dodecamethylhexasiloxane, 1,3-dichlorotetramethyldisilo-
xane (DCTMDS), 1,5-dichlorohexamethyltrisiloxane (DCHMTS), 1,1,3,3,5,5,7,7-
dichlorooctamethyltetrasiloxane (DCOMTS), 1,9-dichlorodecamethylpentasi-
loxane (DCDMPS) and 1,11-dichlorododecamethylhexasiloxane (DCDMHS)
were prepared according to published procedures.’*3* 1,4-Diethynylbenzene
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was supplied by the Fine Chemical Institute of the East China University of
Science and Technology and used as received without further purification.

Measurements

'H and 3C NMR spectra were acquired in deuterated chloroform on a BRUKER
AVANCE 500 (Bruker, Baden-Wiirttemberg, Germany) at a proton frequency of
500 MHz and its corresponding carbon frequency. Fourier transform infrared
spectra were obtained using a Nicolet550 spectrometer (Thermo Fisher Nicolet,
Madison, WI, USA). The molecular weights of the polymers were determined by
GPC using a Waters GPC system equipped with a DAWN HELEOS static laser
scattering detector and an Optilab Rex refractive index detector (Wyatt Technology,
Santa Barbara, CA, USA). GPC was performed using THF as an eluent at a flow
rate of 1mlmin~!. DSC analysis was performed on a NETZSCH 200 PC
module (NETZSCH, Bavaria, Germany) at a heating rate of 10°Cmin~! in a
nitrogen atmosphere. DMA was performed with a PerkinElmer DMA 7e
(PerkinElmer, Waltham, MA, USA). A three-point bending mode was chosen.
All samples were run at a heating rate of 3 °Cmin~! and at a load frequency of
1 Hz from —150 to 400 °C in an air atmosphere. The peak of tan § as a function
of temperature was regarded as the Tg of the cured film. Thermogravimetric
analysis was performed on a TA Instruments DMA Q800 (TA Instruments,
New Castle, Germany) with a heating rate of 10 °C min~! under nitrogen and air.

Preparation of poly(tetramethyldisiloxane-1,4-
ethynylenephenyleneethynylene)

A 250-ml round-bottomed flask was equipped with a dropping funnel, a reflux
condenser, a three-way stopcock and a mechanic stirring bar. The flask was
then evacuated and back-filled with dry nitrogen three times. Magnesium
powder (6.00g, 0.25mol) and anhydrous THF (100 ml) were transferred into
the flask. The reaction flask was then immersed in an ice-water bath. While
stirring, a solution of ethyl bromide (23.98 g, 0.22mol) in 100 ml anhydrous
THF was added dropwise over the course of 40 min. The reaction mixture
became a gray-black solution. After the flask was taken out of the ice-water
bath, it was heated to 45 °C in an oil bath and kept at 45 °C for 1 h with stirring,
resulting in the formation of a dark solution. The reaction flask was then cooled
in an ice-water bath, and a solution of 1,4-diethynylbenzene (13.86 g, 0.11 mol)
in anhydrous THF (100 ml) was added dropwise over the course of 40 min. The
ice-water bath was then removed, and the reaction mixture was heated to 65 °C
in an oil bath and kept at this temperature for 1 h with stirring. The reaction
mixture was thick slurry with a white precipitate. The flask was then cooled in
an ice-water bath, and a solution of DCTMDS (14.21 g, 0.07 mol) in anhydrous
THF (100 ml) was added dropwise over the course of 40 min. As the addition
proceeded, the white precipitate of the organic magnesium reagent gradually
disappeared. After complete addition, the ice-water bath was removed and the
reaction mixture was heated to 75 °C in an oil bath. The reaction was allowed to
proceed overnight at 75 °C. After cooling to room temperature, the reaction
mixture was then poured into a 2% solution of hydrochloric acid (300 ml,
aqueous) at 0 °C. The resulting two-phase mixture was transferred to a 500-ml
separatory funnel and extracted three times with 75ml each of toluene. The
toluene extracts were combined and washed with deionized water until the pH
of the washing water was neutral. The dark organic phase was poured into a
round-bottomed flask and dried over anhydrous Na,SO,. The organic solution
was filtrated and distilled by rotary evaporation to remove the solvent, leaving
polymer I, a brown solid in 93% yield. FTIR (KBr, cm™}): 3297 (C=C-H),
2961 (~CH3), 2160 (C=C), 1496 (—CgH,-), 1257 (Si=CH3), 1051 (Si—O-Si),
799-843 (Si—-C); '"H NMR (CDCl3, 6, p.p.m.): 0.38 (Si-CH3), 3.16 (C=C-H),
7.29 (<CgH,~). *C NMR (CDCls, d, p.p.m.): 2.82 (Si-CH3), 79.88, 83.78
(-C=C-H), 96.16, 104.23 (Si-C=C-), 123.71, 132.46 (~CsH,—).

Polymers II-IV were prepared in a synthesis procedure similar to that of
polymer I, except for the use of raw materials DCHMTS, DCOMTS, DCDMPS,
and DCDMHS instead of DCTMDS during the syntheses.

Polymer II was obtained in 91% yield as a brown, viscous liquid. FTIR (KBr,
em™Y): 3296 (C=C-H), 2961 (CH3), 2160 (C=C), 1496 (~C¢H4-), 1257 (Si—
CHj), 1051 (Si-O-Si), 799-843 (Si-C); 'H NMR (CDCl, &, p.p.m.): 0.17-0.38
(Si-CH3), 3.07 (C=C-H), 7.29 (-C4H4—). 3C NMR (CDCls, 8, p.p.m.): 1.74,
2.86 (Si-CHj), 79.81, 83.82 (-C=C-H), 96.35, 103.95 (Si-C=C-), 123.75,
132.45 (~CqH,o).
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Polymer III was obtained in 92% yield as an orange viscous liquid. FTIR
(KBr, cm™): 3294 (C=C-H), 2960 (~CHj), 2160 (C=C), 1498 (~C¢H,-), 1256
(Si-CH3), 1083 (Si~O-Si), 799-844 (Si~C); 'H NMR (CDCl3, 6, p.p.m.): 0.08—
037 (Si-CHj), 3.09 (C=C-H), 7.29 (~C¢H,-). 3C NMR (CDCls, 8, p.p.m.):
1.73, 2.82 (Si-CHj), 77.9, 83.2 (-C=C-H), 96.38, 104.25 (Si-C=C-), 123.73,
132.44 (~CgH,o).

Polymer IV was obtained in 90% yield as an orange liquid. FTIR (KBr,
cm™1): 3299 (C=C-H), 2962 (—CH3), 2160 (C=C), 1497 (~C4H,—), 1259 (Si—
CH3), 1030-1100 (Si-O-Si), 778-842 (Si-C); 'H NMR (CDCl;, 4, p.p.m.):
0.35-0.40 (Si-CH3), 3.19 (C=C-H), 7.39 (-C4H,—). 1*)C NMR (CDCl3, 4,
p.pm.): 1.74, 2.85 (Si-CHs), 79.80, 83.82 (-C=C~H), 96.38, 104.25 (Si-C=C~),
123.73, 132.44 (-CgHy-).

Polymer V was obtained in 90% yield as an orange liquid. FTIR (KBr, cm™!):
3303 (C=C-H), 2963 (—CH3), 2162 (C=C), 1496 (—C¢H,), 1260 (Si—CHj), 1035—
1100 (Si~O-Si), 800-842 (Si-C); 'H NMR (CDCl, J, p.p.m.): 0.18-0.24 (Si-CH3),
3.03 (C=C-H), 7.29 (-C¢H,~). 3°C NMR (CDCls, 8, p.p.m.): 1.75, 2.86 (Si-CH3),
79.81, 83.83 (-C=C-H), 9639, 103.86 (Si-C=C-), 123.78, 132.62 (~CsH,).

Preparation of cured polymers
Before curing, polymers I-V were degassed at 100 °C per 15 mm Hg. Polymers
I-V were thermally cured by maintaining for 2 h at 150 °C, for 2h at 170 °C, 2h
at 210°C, 2h at 250 °C and 2h at 300 °C, respectively. Thereafter, the cured
polymers were allowed to cool slowly to room temperature. Shiny and void-free
cured polymers I.—V, were obtained.

Thermal sinter of the cured polymers

Cured polymers I~V were weighed in an alumina crucible and placed into the
tube furnace. After three purges of argon, cured polymers I—V. were heated at
a heating rate of 2 °C min~! under argon according to the following procedure:
2h each at 400, 600, 800, 1000 and 1200 °C, followed by cooling to room
temperature. Hard and black products I~V were obtained, and the products
were similar to the sintered ceramics of homolog polymers that had been
recognized as SiOC ceramics.®

RESULTS AND DISCUSSION

Synthesis and characterization of polymers

Polymers -V were prepared as shown in Scheme 1. The starting
compound, 1,4-diethynylbenzene, could be directly and quantitatively
converted to derivatives by reaction with two equivalents of ethyl-
magnesium bromide in THE, and then the bismagnesium reagent
reaction with various o,0-dichlorodimethylsiloxanes yielded the
desired copolymers. Polymers -V were brown solids or viscous
liquids and soluble in common organic solvents such as THE, acetone,
butanone, dimethylformamide, chloroform and aromatic solvents,
such as benzene and toluene. However, they were slightly soluble in
saturated hydrocarbons and insoluble in alcohol at room temperature.
The results indicated that polymers I-V had good solubility, probably
because of the effect of the siloxane unit in the polymer backbone.

The number-average molecular weight of polymers I-V was
between 1390 and 2100, and the polydispersity index was between
1.90 and 2.40. The average degree of polymerization of these polymers
was close to each other.

Polymers I-V were characterized by infrared, 'H- and '*C NMR
spectroscopy. The prominent absorptions exhibited by the polymers
(I-V) include peaks at 3300cm~! (-C=C-H), 2963cm~! (C-H),
2160cm~! (-C=C-), 1600-1400cm~' (aromatic rings), 1100-
1030cm™! (strong Si—O-Si stretching) and 1260, 842 and 799 cm™!
(strong Si—-C deformation). 1*C NMR confirmed phenylene carbons
by peak resonances with chemical shifts at 123.7 and 132.6 p.p.m. The
ethynyl carbon adjacent to the silicon atom was identified by peak
resonances in the 96.0-97.0 p.p.m. region, and the ethynyl carbon
bonded to the phenylene group was identified by peak resonances in
the 103.0-104.0 p.p.m. region. The terminal ethynyl carbons appeared
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Figure 1 Differential scanning calorimeter curves of polymers I-V.

as a pair of peak resonances at 79.8 and 83.8 p.p.m. In addition,
silylmethyl carbons were observed by peak resonances in the 0-2
p.p-m. region. The 'H NMR spectra for polymers I-V showed the
methyl protons of siloxane resonance in the 0.4-0.0 p.p.m. region, and
the phenylene protons resonance in the 7.29-7.39 p.p.m. region. The
ethynyl protons appeared in the 3.01-3.16 p.p.m. region.

Thermal curing behavior of the polymers

The thermal curing behavior of polymers I-V was investigated by
DSC. The DSC curves of these polymers are shown in Figure 1. Two
exothermic peaks during the heating were observed in the 150-325
and 330-450 °C ranges. The former peaks were due to the thermal
polymerization of primary ethynyl groups, and the latter peaks were
due to addition polymerization of internal ethynyl groups. Apparently,
primary ethynyl groups could be cured at a lower temperature than
internal ethynyl groups. The former peaks shifted to a higher tem-
perature, and the latter peaks gradually became the main exothermic
peak with increasing siloxane chain length, indicating the requirement
of a higher temperature for reactions of the internal ethynyl units for
polymers with long siloxane chain lengths due to the dilution of primary
and internal ethynyl groups with increasing siloxane chain length.
The thermal curing of polymers I-V was believed to proceed by an
addition reaction between ethynyl groups to generate a polyene network.
Theoretical simulation calculations of bond energies suggested a predomi-
nately polyene structure for the thermal polymerization of acetylene
compounds.’®37 Other reactions were also possible, such as the Glasser
reaction, Straus reaction, trimerization and Diels—Alder reaction.>®
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Figure 2 Tan & curve from dynamic mechanical analysis of the cured
polymers V..

Thermomechanical properties of the cured polymers

The thermomechanical properties of cured polymers I—V. were
investigated by DMA under air. The DMA curves of the cured
polymers are shown in Figure 2. The glass transition temperatures
of cured polymers I—V. were 126, 104, 96, 84 and 78°C, as
determined by the peak temperature of the loss tangent curve. With
increasing siloxane chain length, the T, of the cured polymers
decreased. On one hand, the increase in the siloxane chain length
resulted in a decrease in crosslinking density. As the siloxane chain
length became longer, the crosslinked density of the cured polymer
decreased. By varying the length of the silarylene-siloxane chain, the
crosslinking density could be controlled, as demonstrated in the
reports by Keller and co-workers.>>*? On the other hand, the increase
in the siloxane chain length enhanced the flexibility of the main chain
of the polymer. Therefore, the glass transition temperature of the
cured polymers clearly decreased with the siloxane chain length.

Thermal and thermooxidative stability of the cured polymers

The thermal stability of cured polymers I—V was investigated by TGA
under nitrogen. The TGA curves are shown in Figure 3. The decom-
position temperature at 5% weight loss (T4s) and the residue yields at
1000 °C are shown in Table 1. With increasing siloxane chain length,
the decomposition temperatures at 5% weight loss (Tys) shifted to a
lower temperature, and the residue yields also decreased. It appeared
that the thermal stability decreased with increasing siloxane chain
length, which correlated with the crosslinked density of the cured
polymers and the thermal stability of polysiloxane. The bonds Si-O-Si
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Figure 3 Thermogravimetric analysis curves of the cured polymers .-V,
under nitrogen.

Table 1 TGA data of the cured polymers (I.-V,)

Tgs CC) Residue yield at 1000°C (%)
Cured polymer No Air Ny Air
le 546 462 83.2 39.2
I 502 429 76.7 43.7
1S 497 419 74.3 43.9
Ve 495 417 72.9 48.3
Ve 489 407 68.8 49.3

Abbreviation: TGA, thermogravimetric analysis.

in the siloxane units of the cured polymers were possibly broken,
presumably by intramolecular depolymerization or by the recycliza-
tion of the siloxane chain, which was consistent with reports that
increasing the siloxane chain length decreased the thermal stability of
cured siloxane-containing polymers.*!

The thermooxidative stability of cured polymers I—V. was deter-
mined by TGA under air. The TGA curves are shown in Figure 4. The
decomposition temperatures at 5% weight loss (Tys) and the residue
yields at 1000 °C are shown in Table 1. The cured polymers decom-
posed at a lower temperature under air than under nitrogen. With
increasing siloxane chain length, the decomposition temperatures at
5% weight loss (Tys) decreased. As the siloxane chain length increased,
the residue yields at 1000 °C increased. Other siloxane-containing
polymers showed similar improvements in thermooxidative stability.*?
One possible explanation was the formation of SiO, during the
thermal decomposition of the cured polymers under air.** In addition,
as shown in Figure 4, there was a small peak for some weight gain
around 400 °C on a TGA curve before the start of the degradation,
and the increment greatly decreased with increasing siloxane chain
length for the cured polymers. This trend was probably due to the
oxidation reactions of the polymers. Oxygen reacted with
polymers, and the weight increased. Thereafter, the oxidative polymers
degraded easily. As compared with cured polymer I, the weight-gain
peak of cured polymer II. was much smaller. Therefore, the cured
polymers with siloxane units had good thermal oxidative stability,
but the cured polymers from ethynyl polymers exhibited poor oxida-
tion stability.

Thermooxidative stability of the silicon oxycarbide (SiOC) ceramics
The SiOC ceramics obtained from cured polymers I~V pyrolyzed at
1200 °C under argon. The ceramic yields of the cured polymers were
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Figure 4 Thermogravimetric analysis curves of the cured polymers I~V
under air.
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Figure 5 Thermogravimetric analysis curves of silicon oxycarbide ceramics
lec—Vee under air.

Table 2 TGA data of the ceramics (I.c—V¢) in air

Ceramic Tys (°C) Residue yield at 1000°C (%)
lec 616 47.5
lee 635 55.6
e 708 58.0
Vee 773 61.3
Vee 785 64.3

Abbreviation: TGA, thermogravimetric analysis.

88.08, 87.20, 86.60, 86.51 and 86.34%. These results illustrated that the
polymers were excellent precursors to SiOC ceramics. The thermo-
oxidative stability of the SiOC ceramics was investigated by TGA in air
up to 1200 °C. The TGA curves are shown in Figure 5. The decom-
position temperature at 5% weight loss (T4s) and the residue yields at
1200 °C are shown in Table 2. With increasing siloxane chain length,
both the decomposition temperature at 5% weight loss (Tys) and the
residue yields of the SiOC ceramics at 1200 °C increased. As the
siloxane chain length increased, the free carbon content in the SiOC
ceramic decreased. Furthermore, the formation of oxides on the
surface presumably prevented the further access of air to the free
carbon inside the SiIOC ceramic because of surface oxidation. This
result revealed that thermooxidative stability increased with increasing
siloxane chain length.
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CONCLUSIONS

A series of poly(multidimethylsiloxane-1,4-ethynylenephenyleneethyny-
lene)s were synthesized and characterized. The resulting polymers
were solids or viscous liquids and soluble in common organic solvents
at room temperature. At elevated temperatures, these polymers could
be thermally transformed into highly crosslinked structures. The glass
transition temperatures of the cured polymers decreased from 126 to
78 °C with increasing siloxane chain length. The TGA results showed
that the cured polymers had high thermal and thermooxidative
stability. When the length of siloxane units was increased, the
decomposition temperatures at 5% weight loss for the cured polymers
decreased from 546 to 489 °C, and the residue yields at 1000 °C
decreased from 83.2 to 68.8% in N,. In contrast, the decomposition
temperatures at 5% weight loss for the cured polymers decreased from
462 to 407 °C, and the reside yields at 1000 °C increased from 39.2 to
49.3% in air. When the cured polymers were heated above 1200 °C
under argon, the SiOC ceramics obtained exhibited good thermo-
xidative stability. With increasing siloxane chain length, the decom-
position temperature at 5% weight loss (Tys) increased from 616 to
785°C, and the residue yields at 1200°C of the SiOC ceramics
increased from 47.5 to 64.3%.
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