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The thermal degradation behavior in nitrogen and the thermal mechanical properties of
poly(tetraphenyl-p-silphenylenesiloxane-co-tetramethyl-p-silphenylenesiloxane)s, Poly(PS-co-MS)s, were
mvestigated by using the thermogravimetry analysis and the thermal mechanical analysis. Poly(PS-co-MS)s
showed high Tys, which presented a temperature of 5 % weight loss, in nitrogen (Tys = ~500 °C), and their
molecular weights affected on the thermal degradation behavior. Each copolymer had a softening point, T,
related to a glass transition temperature and/or a melting point. The copolymer of the unit ratio PS/MS =86/14
showed relatively high thermal mechanical stability (7, = 147 °C). The gas permeability with self-standing
copolymer membranes were investigated. The gas permeability of the membranes considerably lower than
that of a polydimethylsiloxane membrane and decreased with an increase of PS unit ratio. The dielectric
constants, &, of the copolymers were evaluated by using the optically method to range from 2.3 to 3.0.

Key words: Polysilarylenesiloxane, Copolymetization, Thermal degradation behavior, Thermal mechanical analysis, Gas
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1. INTRODUCTION be revealed. Therefore, in this paper, thermal
Siticon containing materials are practically important degradation behavior in nitrogen gas and thermal
because these have been used in wide variety of mechanical properties of the Poly(PS-co-MS)s are
engineering  applications. For  example, poly- investigated by using the thermogravimetric analysis,
(dimethylsiloxane), PDMS, and their derivatives have TGA, and the thermal mechanical analysis, TMA,
been used as oxygen-enriching membranes although the respectively. Furthermore, because the solubility of
selectivity of oxygen is not enough [1, 2]. Silicon Poly(PS-co-MS) to common solvents was improved
dioxide and the related materials are used as low by copolymerization, a gas permeability and a dielectric
dielectric constant materials in semiconductor devices [3, constant as physical properties are studied. The
4]. A new material having lower dielectric constant, &, self-standing membranes for the gas permeation
than that of Si0O,, however, is required in order to measurements were made by the casting method. The
improve the device performance. Not only a value of £ thin films for the optical measurements in order to
but a high thermal degradation temperature, T, a high evaluate the dielectric constants were obtained .by the
glass transition temperature, T, and an affinity between spin-coating method. Then these physical properties will
an insulator and a silicon wafer are required. On the be discussed.
other hand, we reported that some kinds of
silicon-containing  polymers of fully aromatic 2. EXPERIMENTAL
polysilarylenesiloxanes showed no weight loss in air 2.1. Preparation of copolymers
below 500 °C, and had high melting point, T, above Poly(PS-co-MS)s were synthesized in reﬂw'(ed toluene
300 °C in our previous papers [5, 6]. Unfortunately, in the presence of basic catalyst, according to our
these were insoluble polymers, and could not be previous report {7] (CP series in Scheme). The molar
processed into thin films or self-standing membranes. compositions in the obtained copolymgrs, which were
Therefore, we prepared poly(tetraphenyl- p-silphenylene determined from the ratios of the integrated peak
siloxane-co-tetramethyl-p-silphenylenesiloxane), Poly intensities of methyl protons and those of the phenyl
(PS-co-MS), in order to obtain soluble polymers, and protons of 'H-NMR spectra, and their molecular weights
reported their thermal properties in air in the last our were listed in Table L.
report [7]. These polymers showed high T, (around 500 2.2. Thermal analysis . .
°C) in air and showed T, in proportional to the PS unit TGA was performed by using a Shimadzu DTG 60A
ratio. However, their thermal degradation behaviors in at a heating rate of 10 "C'min™ with a nitrogen flow rate
inert gas and their thermal mechanical properties are not of 50 ml-min™" to study the thermal degradation behavior.
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Table I. Characterizations of polymers

Composition® — —

Polymer My© M0 MJ/M,
o mol %) 1o¢ /104 o
x/y
PolyPS 10070 - = =
CP-a 86/14 61 92 15
CP-b 70/30 37 56 1.5
CPc 48/52 14 26 1.8
CP-d 24/76 29 47 16
CP-e 9/91 1 16 1.5
PolyMS®  0/100 21 34 1.7

¢ Polymerized in benzene at 80 ° C. ® Determined by 'H-NMR.
< M, and M, are the number-average molecular weight and
weight-average molecular weight, respectively.

TMA was performed on a Shimadzu TMA 60 using a
penetration probe of 0.5 mm diameter under a constantly
applied load of 50 g at a heating rate of 10 °C-min' with
a nitrogen flow rate of 50 ml-min™".
2.3. The preparation of membranes

Toluene solutions containing 3 wt.% of the copolymer
were cast on polytetrafluoroethylene sheets put at level,
and the solvent was evaporated for a few days. Before
measuring gas permeation, the membranes were dried in
vacuo and cut into circle pieces 25 mm in diameter. The
thicknesses of the membranes were used in the range of
100-300 pm.
2.4. Measurements of membrane densities

The density of each copolymer membrane was
calculated from a precise weight and a precise volume of
the product of a film area and a thickness, which was
measured with a precision digital micrometer.
2.5. Measurements of gas permeability coefficients

Gas permeation measurements were conducted
according to the vacuum method using a K-315N-01
(Tsukuba Rika Seiki) at 30 °C. A pressure on the
permeation side was monitored with a BARATRON®
Pressure Transducer. The permeability coefficients, P,
were calculated from the slope of time-pressure curves,
dp/dt, at steady state. The diffusion coefficients were
calculated from the membrane thickness, / and time lag,
6, according to the following equation, D = /6. The
solubility coefficients were also calculated by the
equation, S = P/D.
2.6. Measurements of the thicknesses and the refractive
indices

The copolymers were spin-coated from 1 wt.%
solution in toluene on silicon wafers (Mitsubishi
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Fig. 1 TGA curves of copolymers in nitrogen.

Table IL. Thermal degradation behavior of polymers

7.8 Wei'ght 7.8 Wei.ght .
Polymer (odé) Rfiv%i ue ® © dcs) R(%SE‘)“C
in nitrogen in air
PolyPS 511 54.4 539 27.3
CP-a 458 46.6 464 25.1
CP-b 457 46.9 470 28.6
CP-c 497 50.7 524 343
CP-d 505 49.6 513 43.2
CP-e 492 36.0 519 41.8
PolyMS 464 37.8 516 35.0

aThe temperature of the 5 % weight loss determined from
TG curve.b The ratio of weight residue at 700 ° C.

Material) with a spin coater ACT-300A (Active) at 500
rpm. Refractive indices and thicknesses of copolymer
films were measured by using the standard ellipsometric
method on a DHA-XAS (Mizojiri Optical Co., Ltd.) at
wavelength of 632.8 nm, and at an incident irradiation
angle of 70°. Extinction coefficients of zero were used
approximately.

3. RESULTS AND DISCUSSION
3.1, Thermal degradation behavior in nitrogen

The TGA curves of copolymers (CP series), PolyPS
and PolyMS under nitrogen flow are shown in Fig. 1.
CP series and PolyMS indicated weight loss processes
of single step. In the case of PolyPS, the small weight
loss (~2.8 %) was observed at 180-250 °C. This weight
loss would be caused by the condensation between
chain-end silanols as mentioned in the previous report
[6]. The main thermal degradation started from around
520 °C. It was revealed that the fully aromatic
polysilarylenesiloxane such as PolyPS showed high
thermal stability in nitrogen. As summarized in Table II,
the temperature of 5 % weight loss, Tys, of the CP series
when the PS unit ratio was lower than 50 % increased
with the increase of the PS unit ratio. To the contrary,
the Tys of the CP-a and b of high PS unit ratio (>70 %)
decreased with the increase of PS unit ratio. The
molecular weights of CP-a and b were considerably
lower than those of the other CP series as listed in Table
1. Considering the PolyPS was thermally stable below
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Fig. 2 TMA curves of copolymers.

520 °C, the reduced thermal stability of CP-a and b
would be caused by the decomposition of the chain-end
silanols arising from the MS units. These results showed
that the molecular weights of copolymers greatly
affected on the thermal stability of copolymers in similar
to the thermal stability in air reported in our previous
paper [7]. Additionally, the weight residues at 700 °C in
nitrogen incteased with an increase of PS unit ratio. On
the other hand, the weight residues in air decreased with
an increase of PS unit ratio. This indicated that the PS
units were more stable under nitrogen than under air in
the high temperature region.
3.2. Thermal mechanical properties

The TMA curves of CP series and PolyMS are shown
in Fig. 2. TMA of PolyPS could not be conducted
because this polymer was fine powder. The softening
points, T, were determined as the intersection of the
tangents of two linear segments in TMA curves. CP-e
softened at room temperature, therefore, 7, could not be
evaluated. However, CP-e looked like a solid state, and
was not waxy or gammy material at a room temperature.
The T;’s estimated from the TMA curves are listed in
Table III. The T, and T, estimated by using the
differential scanning calorimetry have already been
reported in our previous paper [7], and are also listed in
Table III. The T, increased with an increase of PS unit
ratio. This would result from an increase of a rigid
segment consisted of PS unit. 7, of CP-b and ¢ were
close to T, This indicated that the softening of
copolymers was caused by the glass transition
phenomena. CP-a exhibited relatively high T, of 147 °C,
which was 20 °C higher than T,. Considering the T, of
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Table IIL. Thermal properties of polymers

Tga Tm a ]"s [
Polymer €0 o) o)
PolyPS — 323 —
CP-a 127 317 147
CP-b 96 — 101
CP-c 62 — 64
Cp-d 22 — 49
CP-¢ -3.8 (123> —
PolyMS — 132 120

2 Determined by DSC on the second heating scan. ® Determined
by DSC on the first heating scan. © The softening point
determined by the TMA.

317 °C for CP-a, the crystal region should not yet melt
around T;. Consequently, the large amorphous region
due to the low crystallization degree would suppress the
thermal mechanical stability of CP-a. On the other hand,
the 7, of CP-d was also higher than the 7,. This
stabilization would be attributed to the high molecular
weight, so that the T, of CP-d also resulted from the
glass transition phenomenon. For CP-e, the T, was
observed on the first heating scan only. Under the
measurement condition of heating and cooling rates of
£10 °C'min’!, CP-e during the second heating scan
would stand in a super-cooling state to exhibit only a
glass transition.
3.3. The preparation of membranes

The membranes were prepared from the toluene
solution of each copolymer by the casting method on the
polytetrafluoroethylene sheets. However, the membranes
of CP-a and b were brittle and fragile, and could not be
obtained as self-standing membranes. On the other hand,
CP-¢, d, e and PolyMS could be obtained as tough
membranes of their thickness in the range of 100-300
pm. Thus difference of processability into membranes
would be mainly caused by the different molecular
weights as listed in Table I. Unfortunately, the
copolymers, which have the same composition as
CP-a and b, and have high molecular weights
suitable for the membrane preparation, could not
be obtained. As a result, the gas permeabilities of
CP-c, d, e and PolyMS membranes were measured.
3.4. Gas permeabilities

Permeation measurements of hydrogen, oxygen,
nitrogen and carbon dioxide gasses for the CP-¢, d, e
and PolyMS membranes were conducted at 30 °C.
Unfortunately, the measurements for CP-e and PolyMS
membranes were not successfully finished because the
no negligible pressure changes of a permeate side arising

Table IV. Gas permeation behavior of polymers

Code density Py, Poy, Py Peoy Dy Dy, Dy, Deoy S So2 S Scoz
glom’ (Barrer) © (10”7 cm2 e sec™!) (10 cm3(s.t.p.) » cm? « cmHg 1)
CP-c 1.0 28 4.5 1.1 1.1 176 44 25 2.7 1.6 10 44 75
CP-d 0.92 37 6.1 1.7 1.7 585 76 7.6 8.9 063 80 22 46
PolyMS  0.71 — 884 28¢ — — _—_ —  — _ - —
PDMS? — 890 800 400 3800 1400 340 340 220 6.6 24 12 170
PSt? 1.0-1.1 23 2.6 0.79 11 436 11 — 0.58 053 24 — 181

2 Ref. 9. PRef 10.¢1.0 x 10-°] cm? (s.t.p.) scmecmZe sect somHg '], ¢Ref 8.
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Table V. The refractive indices and dielectric constants
of polymer films

nt d? ehb
Polymer (nm)
PolyPS — — 29-3.0°
CP-a 1.72 389 3.0
CP-b 1.61 866 2.6
CP-¢ 1.59 636 2.5
CP-d 1.57 704 2.5
CP-e 1.54 138 2.4
PolyMS 1.52 209 23

2 Determined by ellipsometric method at wavelength of 632.8 nm.
b Optically estimated dielectric constant: e=n2. ¢Evaluated by
extrapolation of the linear € vs. PS molar ratio.

from a gas leak. Then, the evaluation for the PolyMS
membrane was referred to our previous paper [8]. The
gas permeabilities of all gasses decreased with an
increase of PS unit ratio. Permeability coefficient, P,
diffusion coefficient, D, and solubility coefficient, S,
calculated from the obtained pressure curve are
summarized in Table IV, together with values for a
poly(dimethylsiloxane), PDMS, and a polystyrene, PSt,
referred to the literature [9, 10]. PDMS, which has been
well known as a material for an oxygen-enriching
membrane, indicates relatively high So,, Scor and Dy,
compared with the case of N; gas. CP-¢, e and PolyMS
indicated distinctly low values of permeation parameters
against all gasses compared with PDMS, in spite of
these contained the same structure of dimethylsiloxane
unit to a PDMS. On the other hand, it was found that the
gas permeation behavior of PSt was very similar to that
of CP-¢ and d. The PS unit introduced into the structure
of PolyMS would behave as the same as the side-chain
phenyl group of PSt. The densities of the membranes of
CP-c, e and PolyMS are also presented in Table IV. The
densities increased with an increase of PS unit ratio. The
density of CP-c was 1.0, and approximately coincided
with that of PSt as shown in Table V.
3.5. Refractive indices and _dielectric constants of
copolymer films

The refractive indices and the thicknesses of the thin
films were measured by using the standard ellipsometric
method as listed in Table V. The optically estimated &
according to the Maxwell’s equation, £ = n° [11], are
also summarized in Table V. PolyPS could not be
dissolved in common solvents to be prepared as a thin
film by the spin-coating method. Therefore, the
refractive index was not evaluated by ellipsometry. Then,
the £ of PolyPS estimated by the extrapolating of the
linear £ vs. PS molar ratio to be approximately 2.9-3.0.
The ¢ increased with an increase of PS unit ratio. This
resulted from the introduction of phenyl groups, which
have relatively higher polarizability. The &s of CP
series ranged from 2.3 to 3.0. These values were lower
than those of conventional SiO, of £= 3.9, polyimide of
£=2.9-3.9 [11], fluorinated polyimides of £= 2.33-2.50
[12, 13], and semi-aromatic polyimides of &= 2.72-2.83
[14,15]. PSt of £=2.49-2.61 [10] shows the very similar
value to CP series. Therefore, CP series will be
candidates for new low & materials if the thermal
mechanical stability is improved. Unfortunately there is

a trade-off between high T, and low £ as shown in Table
I1 and Table V on a present stage of our study. PolyPS
had relatively low £ of 2.9-3.0, and showed high T
(over 500 °C) and high T;, of 323 °C. For an instance, an
improvement of processing by the directly
melt-polycondensation reaction [6] will be necessary to
be applied to insulator materials.

4. Conclusions

The thermal degradation behavior in nitrogen and
thermal mechanical properties of poly(tetraphenyl-p-
silphenylenesiloxane-co-tetramethyl-p-silphenylene
siloxane)s were investigated by using TGA and TMA.
As a result, these showed high Tys in nitrogen (around
500 °C) and the molecular weights of copolymers
played an important role for 7ys. All copolymer had T
related to T, and/or Ti,. CP-a had the highest T of 147
°C, that is, showed relatively high thermal mechanical
stability. The gas permeabilities of the self-standing
membranes were investigated. The gas permeabilities
decreased with an increase of PS unit ratio. The gas
permeation behavior of CP-c¢ and d was very similar to a
polystyrene. The & of copolymers evaluated by the
optically method. The € values of CP series ranged from
2.3 to 3.0, and were relatively lower than those of
conventional SiO, and polyimide films. The membrane
density and & values of CP-¢ also showed similar to
those of polystyrene. Consequently, a possibility of CP
series for a new low & material was suggested in this

paper.
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