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ABSTRACT: The melt polycondensation of the two kinds of the bis(hydroxydiphenylsilyl)arylene monomers, 1,4-

bis(hydroxydiphenylsilyl)benzene and 4,40-bis(hydroxydiphenylsilyl)biphenyl, was investigated. The thermal proper-

ties of the obtained polymers were studied by using a thermogravimetry analysis, a differential scanning calorimetry

and a thermomechanical analysis. The IR spectra and the XRD patterns of the polymers indicated that the melt poly-

condensation occurred in the temperature range from 290 �C to 400 �C. The 5% weight loss temperatures of the poly-

mers synthesized at above 350 �C was around or over 500 �C, so that these polymers exhibited high thermal stability.

All the polymers which were obtained by the melt polycondensation of 1,4-bis(hydroxydiphenylsilyl)benzene exhibited

the glass transition temperatures. On the contrary, the polymers obtained from 4,40-bis(hydroxydiphenylsilyl)biphenyl

at above 350 �C showed no phase transitions in the DSC measurements. From the analysis of the volatile compounds

generated during the melt polycondensation of 4,40-bis(hydroxydiphenylsilyl)biphenyl by using a gas chromatograph

mass spectrometry and the comparison of the 13C CP-MAS NMR spectra of the polymers, it was shown that the

cross-linking reaction resulting from the thermal decomposition of the monomers and the produced oligomers took

place simultaneously. It was revealed that the melt polycondensation and simultaneous cross-linking reaction were

effective to obtain the polysilarylenesiloxanes which have high thermal degradation temperature and high thermome-

chanical stability. [doi:10.1295/polymj.PJ2006004]
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Polysilarylenesiloxanes1,2 and their copolymers2–18

have been investigated as high temperature elasto-
mers. The common characteristics of these polymers
are their high thermal degradation temperatures
(Td’s) and low glass transition temperatures (Tg’s),
which are attributed to their flexible tetramethyldisil-
oxane units in the main chain.2–18 These characteris-
tics are desirable for an elastomer, and are, however,
undesirable for the heat-resistant materials such as a
high-temperature coating and a low dielectric insula-
tion material in semiconductor devices because the
thermomechanical stability of these polymers is not
enough at high temperature. Therefore, polysilaryl-
enesiloxanes and their copolymers have never been
used nothing but elastomers. If a new type of poly-
silarylenesiloxane with a high Tg is obtained, it is pos-
sible that the polysilarylenesiloxane is applied to such
heat-resistant materials.
On the other hand, we reported that the fully aro-

matic polysilarylenesiloxanes, which were synthe-
sized via the solution polymerization, poly(tetraphen-
yl-p-silphenylenesiloxane) (polyPS) and poly(tetra-
phenyl-p,p0-silbiphenylenesiloxane) (polyBS), showed
no weight loss in air below 500 �C and had high melt-

ing temperatures (Tm’s) of 323
�C and 391 �C, respec-

tively19 (Figure 1). It was revealed that these poly-
mers were candidates for new heat-resistant mate-
rials. Unfortunately, these polymers were obtained
as insoluble powder, therefore, these polymers had a
drawback to a practical use. In our previous report,19

an interesting phenomenon was also observed, that
is, the condensation reaction between the silanols
of the bis(hydroxydiphenylsilyl)arylene monomers
above their Tm was done. This phenomenon was not
observed in the heating process of the bis(hydroxydi-
methylsilyl)arylene monomers because the monomers
were decomposed or vaporized. The condensation re-
action of the silanols, that is, the melt polycondensa-
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Figure 1. The chemical structures of polyPS and polyBS.
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tion was a characteristic phenomenon which occurred
only in the case of bis(hydroxydiphenylsilyl)arylene
monomers. H. N. Beck et al., had also noted the con-
densation of the silanols occurred during the pro-
longed heating of the monomers20 although they did
not investigated the phenomenon in detail. In addition,
the characterizations and thermal properties of the
products obtained by this reaction have never been
studied. This convenient procedure has a possibility
to get rid of the disadvantage of the fully aromatic
polysilarylenesiloxanes and to apply these polymers
to a practical use.
In this study, the melt polycondensation of the

two kinds of the monomers, 1,4-bis(hydroxydiphen-
ylsilyl)benzene and 4,40-bis(hydroxydiphenylsilyl)-
biphenyl, which were synthesized according to the lit-
erature,19 were investigated. The thermal properties of
the obtained polymers were studied by using a ther-
mogravimetry analysis (TGA), a differential scanning
calorimetry (DSC) and a thermomechanical analysis
(TMA). To investigate the process of the melt poly-
condensation in detail, the volatile compounds gener-
ated during the reactions were analyzed by a gas chro-
matograph mass spectrometry (GC-MS), and 13C CP-
MAS NMR spectra of the polymers were obtained.
From these results, the mechanism of the melt poly-
condensation process and the influence of the polymer
main chain structures on their thermal properties will
be discussed.

EXPERIMENTAL

Materials
The two kinds of the monomers, 1,4-bis(hydroxy-

diphenylsilyl)benzene (1a) and 4,40-bis(hydroxydi-
phenylsilyl)biphenyl (1b) were synthesized according
to our previous report.19 The fully aromatic polysil-
arylenesiloxanes were also synthesized by the solution
polymerization according to our previous report.19

Melt Polycondensation
Each monomer of 1 (a, b) (50mg) mounted on a

glass plate was heated for 10min (60min for 30 (a, b))
with a heater instrumented a thermo-controller at
250 �C (2 (a, b)), 290 �C (3 (a, b) and 30 (a, b)),
350 �C (4 (a, b)) and 400 �C (5 (a, b)), respectively
(Scheme 1).

Characterizations
IR spectra were measured with a PerkinElmer

PARAGON FT-IR. X-Ray diffraction (XRD) patterns
by the powder method were collected on a RIGAKU
RINT 2000 Diffractometer using CuK� radiation.
The samples were annealed for 1 h at 160 �C before
measurements. The 13C CP-MAS NMR spectra (100.6

MHz) were obtained on a Bruker Biospin AVANCE
DRX 400 Spectrometer (400MHz) at a spin rate of
5 kHz. A contact time was 3ms and 1,000 scans were
taken in each sample.

Thermal Analyses
TGA was performed by using a Shimadzu DTG

60A at a heating rate of 10 �Cmin�1 with an air flow
rate of 50mLmin�1 in order to investigate the thermal
degradation behavior. DSC was conducted by using a
Shimadzu DSC 60 at a heating rate of 10 �Cmin�1

with a nitrogen flow rate of 50mLmin�1 in order to
determine Tg and/or Tm. The samples were annealed
for 1 h at 160 �C before measurements. TMA was
performed in order to determine softening point (Ts)
on a Shimadzu TMA 60 using a penetration probe
of 0.5mm diameter under constantly applied load of
50 g, at a heating rate of 10 �Cmin�1 with a nitrogen
flow rate of 50mLmin�1. The Ts’s were determined
as the intersection of the tangents of the two linear
segments in TMA curves.

The Analysis of the Volatile Compounds
Each monomer of 1 (a, b) (100mg) was placed in a

glass tube oven and heated at a heating rate of
10 �Cmin�1 up to 300 �C and hold for 10min. The
inner pressure of the glass vessel was kept constant
at 65 kPa. The volatile compounds were collected in
the vessel cooled with the frozen CO2, then dissolved
in the tetrahydrofuran solution. Then the same sample
was heated up to 350 �C and 400 �C, and hold for
10min at each temperature. The volatile compounds
were collected at each temperature in the same way.
The mass of the compounds in the solution were ana-
lyzed by using a HP-5890 (gas chromatograph) and
HP-5971 (mass selective detector).

RESULTS AND DISCUSSION

Synthesis and Thermal Properties of the Polymers
All the obtained polymers were fragile thin solid

films, and were partially dissolved in common sol-
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Scheme 1. The melt polycondensation.
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vents such as tetrahydrofuran and chloroform. The IR
spectra of 1–5a and polyPS are shown in Figure 2.
The absorption peak intensities at 3200 cm�1 arising
from the silanol O–H stretching vibration and at
850 cm�1 arising from the silanol Si–O stretching
vibration decreased with increasing of the melt poly-
condensation temperature. On the contrary, new broad
absorption peaks were observed near at 1060 cm�1

arising from the Si–O–Si bond, and the peak intensi-
ties increased with the increase of the temperature.
However, the peak intensities of 4a was almost the
same with that of 5a. The IR spectra of 3–5a almost
coincided with that of polyPS. From these results,
the melt polycondensation occurred by the heating
process. In the IR spectra of 2–5b, the similar results
were observed as that of 2–5a.
The XRD patterns of 1–5a and polyPS are shown in

Figure 3. The diffraction peaks of 2a contained the
peaks of the monomer. The peak intensities of 2a at
around 2� ¼ 8�, 16� and 22� were larger than that of
1a. This may be caused by the recrystallization of
the monomer because the monomer was melted in
the heating process. The diffraction peaks of 3a and
4a almost agreed with that of polyPS. The XRD meas-
urements also supported the melt polycondensation.
However, 5a was amorphous solid because only two
broad halos were observed at around 2� ¼ 10� and
20� in the pattern. The XRD patterns of 2–5b showed
the similar tendency as that of 2–5a.
The TG curves of 1a, 3–5a and polyPS are shown

in Figure 4. In the chart of 3a, about 5 � 6% weight
loss was observed similarly to the monomer in the

temperature range from 250 �C to 400 �C. This weight
loss was caused by the melt polycondensation and/or
thermal decomposition of the unreacted monomers
and the produced oligomers. On the contrary, in the
TG curves of 4a and 5a, no weight loss was observed
in this temperature range. These polymers exhibited
good thermal stability as well as polyPS. The 5%
weight loss temperatures (Td5’s) of the polymers are
summarized in Table I. 4b and 5b also showed high
thermal stability. From these results, the high heat-
resistant films could be prepared via the melt poly-
condensation of the convenient procedure.
The DSC curves of a-series and b-series are shown

in Figures 5 and 6, respectively. The Tg’s were ob-
served in the DSC curves except for 4b and 5b. In
the chart of 3b, two baseline shifts were observed at
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Figure 2. The IR spectra of 1a (monomer), 2a (250 �C), 3a
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around 94 �C and 290 �C. Since the Ts of 3b was 87 �C
as shown in Table I, the baseline shift at around 94 �C
would be caused by the glass transition. The other
baseline sift at 290 �C would be arising from the con-
densation reaction of the unreacted silanols, because
this baseline shift was not observed in the DSC chart
of the sample heated at 290 �C for 60min (30b). The
broad and small endothermic peaks related to the
Tm’s were observed in the chart of 3a, 30a and 3b.
These peaks would support the melt polycondensa-
tion, but these peaks were not clear, and the endother-
mic peaks related to the Tm was not observed in the
charts of the other polymers. These results indicated
that the polymers obtained by the melt polycondensa-
tion would contain the large amorphous part. In the

DSC charts of 4–5b, no obvious phase transitions
were observed different from the charts of 4–5a. Ac-
cording to the TMA measurements of 4b and 5b,
the Ts’s were observed at 129 �C and 170 �C, respec-
tively as shown in the Table I. These polymers would
have Tg’s around their Ts’s because the Tg’s of the
other polymers were close to their Ts’s. Considering
the obvious Tg was not observed in their charts, the
changes of the heat capacitance of 4b and 5b arising
from the glass transition were smaller than those of
the other polymers, and the polymer chain motion
would be restricted in the case of 4b and 5b. The
mechanism of this phenomenon is discussed in the
next paragraph.

The Mechanism of the Melt Polycondensation
The melt polycondensation process was investigat-

ed in detail to reveal the influence of the main chain
structure on the thermal properties of the obtained
polymers, that is, to illuminate the difference of the
thermal properties between 4–5a and 4–5b. As shown
in Figure 4, 1a showed about 7% weight loss in tem-
perature range 250–400 �C, on the other hand, 1b
showed about 25% weight loss at 200–400 �C.19 The
theoretical weight losses of 1a and 1b caused by the
condensation reaction with silanols were 3.8% and
3.3%, respectively. The weight losses of a-series were
slightly larger than the theoretical value, and those of
b-series were fairly larger than it. These large weight
losses could not be explained by the only dehydration
and would suggest the other reaction occurred simul-
taneously.
The volatile compounds generated during the melt

polycondensation were collected in a glass vessel
cooled with the frozen CO2 to analyze their mass by
a GC-MS. As a result, only a peak was detected in
the gas chromatogram of the volatile compound dur-
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Table I. Thermal properties of the obtained polymers

Polymer
Tm

a

(�C)
�Hm

a

(J�g�1)
Tg

a

(�C)
Ts

c

(�C)
Td5

d

(�C)

3a 294 �3:43 85.4 83.0 351

4a — — 130 120 540

5a — — 127 121 533

polyPS (323)b (�1:59)b — — 539

3b — — 94 87.0 341

4b — — — 129 487

5b — — — 170 528

polyBS 391 14.1 — — 500

aThe melting point, the enthalpy change and the glass tran-

sition temperature determined by DSC on the first heating

scan. bThe melting point and the enthalpy change determined

by DSC on the second heating scan. cThe softening point

determined by TMA. dThe 5% weight loss temperature deter-

mined from a TG curve.
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ing heating process of 1a in all the conditions. The
molecular ion of the peak was m=z ¼ 276, and the
major fragment peaks of the mass spectrum were
m=z ¼ 199, 181, 152 and 77. These fragments coin-
cided with that of triphenylsilanol [FW ¼ 276]. In
the similar method, the main volatile compound (ca.
80wt%) from 1b was determined as biphenyl. Tri-
phenysilanol was also detected slightly during the
melt polycondensation at 350 �C and 400 �C. These
results indicated that the thermal decomposition of
the monomers and/or the produced oligomers occur-
red simultaneously when the condensation reaction
of the silanols took place. The 13C CP-MAS NMR
spectra of 3b, 5b and polyBS were shown in Figure 7.
Two broad peaks and a shoulder peak were observed
at around 127, 135 and 130 ppm in those of 3b and 5b,
and these peaks coincided with those of polyBS. The
small and broad peak, which was not observed in the
spectra of polyBS, was also observed at around 140–
142 ppm in the spectra of 3b and 5b. The peak inten-
sity of 5b was larger than that of 3b. Kapoor et al.,21

exhibited the 13C CP-MAS spectrum of the 1,3 di-
substituted benzene by silicon atoms, and the peak
of a carbon in the ortho-position was observed at
around 140 ppm. Therefore, the peak at around 140–
142 ppm would suggest that the 1,3 di-substituted ben-
zene by silicon atoms was produced. 1,4 and 1,2
di-substituted benzene by silicon atoms would be pro-
duced in the melt polycondensation process. However,
the peaks of them could not be identified because
these would be contained in the two broad peaks.

On the other hand, the peak at around 140–142 ppm
was not observed in the spectra of 3a and 5a.
From these results, the mechanism of the melt poly-

condensation was the process as shown in Figure 8. In
the melt polycondensation process of 1a, the elimina-
tion of triphenylsilanol from the monomers and/or the
chain end of the oligomers occurred simultaneously
with the condensation reaction of the silanols. In the
case of 1b, the cross-linking reaction resulted from
the elimination of biphenyl also took place differently
from the process of 1a, considering the di-substituted
benzene by silicon atoms was produced and triphenyl-
silanol was detected by the GC-MS. This cross-link-
ing reaction proceeded considerably in the melt con-
densation process of 5b compared with that of 3b.
The thermal decomposition of the monomers and/

or the oligomers would cause the decrease of the crys-
tallinity of 4 (a, b), and made 5 (a, b) amorphous
polymers as shown in Figure 3. The cross-linking
reaction restricted the polymer chain motion and
improved the thermomechanical stability of 5b. It
was revealed that the melt polycondensation and the
simultaneous cross-linking reaction of b-series were
effective to obtain the polysilarylenesiloxane which
has a high thermal stability and a high thermomechan-
ical stability.

CONCLUSIONS

The melt polycondensation of the two kinds of the
bis(hydroxydiphenylsilyl)arylene monomers, 1,4-bis-
(hydroxydiphenylsilyl)benzene and 4,40-bis(hydroxy-
diphenylsilyl)biphenyl, was investigated in order to
improve the preparation of the fully aromatic poly-
silarylenesiloxanes which exhibited the high thermal
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Figure 7. The 13C CP-MAS NMR spectra of 3b (290 �C), 5b

(400 �C) and polyBS.
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stability and the high melting point. The thermal prop-
erties of the obtained polymers were investigated
by using a TGA, a DSC and a TMA. The IR spectra
and the XRD patterns of the polymers indicated that
the melt polycondensation occurred in the temperature
range from 290 �C to 400 �C. According to the TGA
measurements, the polymers, which were synthesized
via the melt polycondensation of each monomer at
350 �C and 400 �C, exhibited the high thermal stabil-
ity, and their Td5’s were around or over 500 �C. It
was revealed that the high heat-resistant films could
be synthesized by the convenient procedure.
On the other hand, the polymer main chain struc-

ture had an influence on the thermal properties of
the polymers. The thermomechanical stability of the
polymers containing a biphenylene moiety in the main
chain was improved when the melt polycondensation
occurred at 400 �C. From the analysis of the volatile
compounds generated during the melt polycondensa-
tion of 4,40-bis(hydroxydiphenylsilyl)biphenyl by us-
ing a GC-MS, the main volatile compound was deter-
mined as biphenyl, and the triphenylsilanol was
contained slightly. The 13C CP-MAS NMR spectrum
of 5b indicated that the di-substituted benzene by sil-
icon atoms was produced. These results showed that
the cross-linking reaction occurred simultaneously
during the condensation reaction of the silanols.
Finally, it was revealed that the melt polyconden-

sation and simultaneous cross-linking reaction were
effective to obtain the polysilarylenesiloxane which
had high thermal degradation temperature and high
thermomechanical stability. This convenient proce-
dure is a promising method to apply the fully aromatic
polysilarylenesiloxanes as new candidates for heat-
resistant materials.
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