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The pyrolysis of polymethylsilane (PMS) in an argon gas
environment with a flow rate of 1 L/min was investigated as a
standard pyrolytic process, and the investigation showed
SiOSi network formation at 573 K. Subsequently, various
condensed PMS resins were prepared by adjusting pre-heat-
treatment or reflux conditions in the temperature range of
423–723 K. The effect of pre-heat treatment or refluxing on the
ceramic yield at 1273 K was quantitatively evaluated. Struc-
tural evolution in the PMS resins prepared under various
reflux conditions was investigated during pyrolysis up to 1873
K. The X-ray diffraction patterns of the pyrolysis products
revealed crystallite growth of �-SiC and silicon at 1273–1473
K. 29Si solid-state nuclear magnetic resonance with the single-
pulse method was also conducted on the pyrolysis products at
1273 K.

I. Introduction

SINCE the work of Schilling et al.1 on polymethylsilane (PMS)
synthesis in the mid-1980s, numerous studies have been

performed on PMS for use as silicon carbide (SiC) precursors.2–21

The initial interest in PMS was based on its use for tailoring SiC
materials without excess carbon by the polymer precursor method.
Toward this purpose, various chemical techniques for PMS man-
ufacture have been reported. In particular, the role of cross-linking
agents for PMS pyrolysis has been widely investigated. The use of
metallocene catalysts to promote a dehydrogenation reaction on
SiOH represented the earliest attempt.3 In recent years, the use of
boron compounds was reported to effectively increase residual
ceramic yield12,17,19 while maintaining the precursor processability.

It has become apparent that SiC materials derived from PMS
usually contain a considerable amount of excess silicon, because of
the evolution of hydrocarbon gas species during pyrolysis. How-
ever, the conversion of the PMS precursors from the amorphous to
the crystalline state, including phase segregation,4,5 has not been
characterized in detail. The formation of excess silicon phase at
high temperatures is considered to diminish the high-temperature
stability of the SiC ceramics derived from the PMS. However,
PMS combined with suitable metal sources is a promising precur-
sor system for new functional ceramic hybrids composed of SiC

and a metal silicide,3,22–24 because the metal additive in the PMS
will react with excess silicon during pyrolysis.

On the other hand, we recently found that the overall ceramic
yield of PMS was improved simply by heating the polymer at
423–723 K in a long vertical furnace with a reflux condenser
attached on the upper side of the sample cell.16,21 By adjusting the
reflux conditions, we obtained various types of condensed resins
from the PMS.

In this paper, the structural evolution of these condensed PMS
resins is investigated in terms of X-ray diffractometry (XRD)
patterns and solid-state 29Si nuclear magnetic resonance (NMR)
spectra obtained by the single-pulse method.2,4,5 Elemental anal-
yses on the resulting pyrolysis products are also described.

II. Experimental Procedure

(1) Preparation of PMS Samples and Pyrolysis Products
The original PMS was prepared by a condensation reaction of

methyldichlorosilane with sodium, as described elsewhere.3,20 The
PMS obtained was a pale yellow, viscous liquid after evaporation
of the solvent (Mw � 1780, Mw/Mn � 2.0). The molecular
structure of the synthesized PMS was characterized by 1H NMR
analysis to be [(CH3SiH)0.60–(CH3Si)0.40]n.

The synthesized PMS was placed in a quartz crucible (inner
diameter: 15 mm, depth: 100 mm), which was suspended in a
furnace equipped with molybdenum silicide (MoSi2) heaters. The
PMS then was heated from room temperature (RT) to the defined
temperatures (523–1273 K) at a rate of 5 K/min in an argon gas
flow. The argon flow rate was 1 L/min. The holding time at each
temperature was 2 h. For pyrolysis at 1473, 1673, and 1873 K, the
sample pyrolyzed at 1273 K was placed in a graphite crucible, and
the crucible was rapidly put into the graphite furnace that had been
preheated to the appointed temperatures. The argon flow rate again
was 1 L/min, and the holding time at each temperature was 15 min.

To investigate the effect of PMS condensation on the resulting
ceramic yield, the following two types of pre-heat treatment were
performed on the PMS.

(1) A quantity (1.0 g) of the synthesized PMS was placed in
the aforementioned quartz crucible suspended in the furnace and
heat-treated at 523–723 K (heating rate: 5 K/min, holding time:
2 h). The argon flow rate was 1 L/min. All of the volatile
compounds that formed from the PMS during the heat treatment
were flowed out under this condition.

(2) The PMS (1.0 g) was placed in a Pyrex† tube (diameter: 20
mm, length: 500 mm) to be cross-linked under reflux condi-
tions.16,21 The Pyrex tube was then placed inside a larger Pyrex
cell (diameter: 40 mm) equipped with a reflux condenser and a
vacuum pump. After evacuation for a sufficient time to remove
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oxygen and moisture in the cell, the cell was heated at 423–723 K
(heating rate: 5 K/min, holding time: 2 h). During the reflux
treatment, formation of mist in the inner Pyrex tube was observed
above 473 K.

After the heat treatment (steps (1) and (2) above), the condensed
resin had the appearance of a pale-yellow gum at 423–523 K and
maintained some elasticity; at 573–723 K, it was an orange, fragile
solid. The condensed resins were pyrolyzed at 1073, 1273, 1473,

1673, and 1873 K. Pyrolysis at 1073 and 1273 K was performed
using a furnace equipped with MoSi2 heaters (heating rate: 5
K/min, holding time: 2 h, argon flow rate: 1 L/min). Pyrolysis at
1473, 1673, and 1873 K was performed using the MoSi2 furnace
and the preheated graphite furnace, as described earlier.

(2) Measurements
Infrared (IR) spectra were obtained using a spectrometer (Mod-

el 1600, Perkin–Elmer, Inc., Norwalk, CT). NMR spectra for the
soluble samples also were recorded on a spectrometer (Model
Gemini 2000, Varian, Inc., Palo Alto, CA). Solid-state NMR for
29Si and 13C was conducted (Model Unity INOVA-300, Varian) at
75 and 59.6 MHz. A cross-polarization magic-angle-spinning
(CP-MAS) method was applied up to the pyrolysis temperature of
1073 K. In addition, the single-pulse method, with a delay time of
30 s, was used for the pyrolysis products at 1073, 1273, or 1473 K,
to obtain the 29Si NMR spectra.

Thermogravimetric (TG) analyses were conducted (Model TAS
200, Rigaku Co., Ltd., Tokyo, Japan) on 10 mg of the PMS
samples in an argon gas flow, at a heating rate of 10 K/min, up to
1273 K. Decomposition gas analyses during the step-by-step
pyrolysis were conducted using gas chromatography/mass spec-
trometry (Model QP5050A, Shimadzu Corp., Kyoto, Japan) and
gas chromatography (Model G-5000, Hitachi Co., Ltd., Tokyo,
Japan) equipped with a thermal conductivity detector (TCD) and a
flame ionization detector (FID). A quantitative estimation of the
individual gas species was performed in terms of standard methane
and hydrogen gas samples with defined partial pressures.

The XRD patterns were investigated (Model RINT 1100,
Rigaku) using CuK� radiation. Elemental analyses of the pyro-
lyzed products at 1673 K were conducted by electron probe

Fig. 1. Residual mass of PMS after simple pyrolysis in an argon gas flow.

Fig. 2. NMR spectra of PMS after simple pyrolysis in an argon gas flow: (a) 29Si NMR and (b) 13C NMR.
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microanalysis (EPMA; Model JXA-870, JEOL, Tokyo, Japan),
with the averaged values of five points. A polished cross section of
Nicalon‡ fiber (NL-200: SiC1.34O0.36) was used as the standard for
elemental silicon, carbon, and oxygen.

III. Results and Discussion

(1) Thermal Decomposition Process of PMS in an Argon
Gas Flow

The residual mass of the PMS after heat treatments in flowing
argon gas is shown in Fig. 1. The plotted residual masses at
individual temperatures are consistent with the reported TG curves
of PMS polymers with low ceramic yields (�30 mass% at 1273
K).3,8 A large mass loss, � 40%, occurred at 523–623 K, and the
mass loss up to 523 K was �15%. Above 623 K, a small,
continuous mass loss was observed up to 723 K.

The 29Si and 13C NMR spectra of the pyrolysis products are
shown in Figs. 2(a) and (b), respectively. After pyrolysis at 573 K,
the signal assigned to SiC(H)Si2 (�67 ppm) disappears, and the
sharp signal assigned to SiCSi3 (�75 ppm) appears in the 29Si
NMR spectra.8,13 On the other hand, the signal assigned to
C(H3)Si (methyl groups: �10 ppm) in the 13C NMR spectra shows
a small down-field shift but is a dominant peak at 573 K.8,12,13 In
the measured IR spectra, decreases in the SiOH stretching band

(2102 cm�1) and the SiH2-deformation band (terminal groups: 932
cm�1) are shown at 573 K. These results indicate the formation of
a SiOSi cross-link at 573 K, whereas the methyl groups have not
decomposed.

Above 573 K, the signals assigned to SiC2(H)Si (�38 ppm),
SiC3Si, or SiC3H (�15 ppm), and SiC4 (0 ppm) appear in the 29Si
NMR spectra,25–27 and the signal assigned to C(H2)Si2 (0 ppm)
appears in the 13C NMR spectra.25 At 723 K, these signals
assigned to SiC2(H)Si, SiC3Si (or SiC3H), and SiC4 in the 29Si
NMR spectra show a marked increase, while the signals assigned
to SiCSi3 disappear. At the same temperature, the signal assigned
to C(H2)Si2 in the 13C NMR spectra becomes dominant, while the
signal assigned to C(H3)Si disappears. This temperature range is
consistent with the large increase of the SiOCH2OSi band (1100
cm�1)2,28 in the IR spectra. These results indicate cleavage of the
SiOSi bonds at 573–723 K and the incorporation of methyl groups
into SiOSi to form SiOCH2OSi bridges (Kumada rearrangement
process).27–30

Above 723 K, several overlapping signals near �40 ppm to
�40 ppm are convoluted to one broad signal (0 ppm) in the 29Si
NMR spectra. The shift of the CSi4 signal, from 0 ppm to 20 ppm
is also observed in the 13C NMR spectra. These changes in the
NMR spectra probably correspond to hydrogen loss during heat
treatment.

Figure 3 shows gas evolution from the PMS during the
step-by-step pyrolysis. The large mass loss and the evolution of
gaseous silicon compounds at 523–623 K suggest fragmentation‡Nippon Carbon Co., Tokyo, Japan.

Fig. 3. Gas-evolution profile of PMS during step-by-step pyrolysis.

Fig. 4. Mechanism of redistribution reaction via silyl radicals.
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of PMS chains, whereas the 29Si NMR and 13C NMR spectra
suggest SiOSi cross-linking. The evolution of methane is substan-
tial at 623–823 K. Most of the methyl groups in the PMS have
been incorporated into SiOSi bonds to form SiOCH2OSi bridges
in the same temperature region, which were observed in the change of
the IR and NMR spectra. However, some of the methyl groups have
been eliminated in the form of methane. The evolution of hydrogen
occurs over a wide temperature range. In particular, the hydrogen-
evolution peak at 823–923 K is consistent with the conversion process
of the SiOCH2OSi bridges into a SiC network.

It may seem strange that SiOSi cross-linking is accompanied
by SiOSi cleavage at �573 K. Numerous schemes have been
proposed for SiOSi cross-link formation in PMS, which should
depend on the chemical nature of the adopted cross-linking
processes. In this simple heat-treatment process, the redistribution
reaction mechanism proposed by Boury would be applicable,12

because the redistribution reaction always yields low-molecular-
weight components in addition to the SiOSi network.

The silyl radicals formed during cleavage of the PMS main
chains probably play a role in the redistribution reaction. Figure 4
shows the mechanism of the redistribution reaction in terms of the
radical behavior. In Fig. 4, SiOH groups in the PMS trap the silyl

radicals formed by the cleavage of the PMS main chains. Thus,
hydrogen radicals form. Some of these radicals can attack SiOH
or SiOSi in the PMS again, while the remaining radicals form
stable species (hydrogen gas, methylsilane gases, and terminal
groups in silane oligomers). On the other hand, silylene interme-
diates are known to be stable when compared thermodynamically
with the silyl radicals.27,31,32 The insertion of the silylene into the
SiOH bonds is another promising chemical reaction to explain the
sudden formation of SiCSi3 at �573 K. Silylene would form
easily, particularly at the terminal groups (OSi(CH3)H2) of the
PMS.

(2) Effect of Reflux Treatment on PMS
Figure 5 shows the residual masses of the PMS samples after

reflux treatment. Up to 523 K, the residual masses after reflux
treatment are almost the same as those of PMS simply heat-treated
in an argon gas flow. Above 523 K, the residual masses are still
high under reflux treatment, whereas the values suddenly decrease
under simple heat treatment (Fig. 1). IR and NMR spectroscopic
analyses revealed that structural evolution in PMS accelerates with
reflux treatment, as compared with simple heat treatment at exactly
the same temperature. However, the observed difference in the
spectra was smaller than that caused by a 50 K difference in the
heat-treatment temperature.

Thus, it is natural to suppose that the main chemical reactions
under reflux conditions are almost the same as those under simple
heat treatment in flowing argon gas. Because the formed low-
molecular-weight components (silane oligomers) are cooled at the
upper side of the cell, they revert to a condensed resin to be
cross-linked again. This effective incorporation of the oligomers
should increase the residual mass.

When PMS is heat-treated once at �623 K, either under reflux
conditions or in a simple argon gas flow, the obtained resins do not
show large mass loss at higher temperatures. The residual masses
at 1273 K are usually �95%, based on the condensed resin masses.
Figure 6 summarizes the overall ceramic yields after the two-step
heat treatment (first step: 423–723 K, second step: 1273 K). The
overall ceramic yield becomes a stable value, �75%, above 623 K
in the case of reflux treatment. Even under simple heat treatment
in flowing argon gas, the overall ceramic yield is improved by
holding at 523 or 573 K. However, the overall ceramic yield does
not exceed 50%. Holding at higher temperature, �573 K, in
flowing argon gas is not as effective as holding at 523 or 573 K for
improving ceramic yield. The overall ceramic yield tends to
decrease to �40% under those conditions, although the value is
still higher than after direct pyrolysis (heating rate: 5 K/min from
RT to 1273 K, holding time: 2 h).

Fig. 5. Residual mass of PMS with reflux heat treatment.

Fig. 6. Overall ceramic yield of PMS after heat treatment at 423–723 K
and pyrolysis at 1273 K ((- - -) direct pyrolysis in an argon gas flow with
a heating rate of 5 K/min from RT to 1273 K and a holding time of 2 h at
1273 K).

Fig. 7. XRD patterns of the PMS pyrolysis products in a simple argon gas
flow.
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(3) Conversion Process from Amorphous to Crystalline State
The XRD patterns of the PMS pyrolyzed in an argon gas flow

are shown in Fig. 7. SiC crystallites and excess silicon are shown
at 1073 K. Up to 1273 K, the SiC crystallites are small (1–3 nm).
At 1473 K, the SiC crystallites show substantial growth. In the

observed temperature region, all of the peaks in the XRD patterns
have been assigned to �-SiC and silicon.

Figures 8(a) and (b) show the XRD patterns of the pyrolysis
products derived from the refluxed PMS resins at 1273 and 1473
K, respectively. At 1273 K, all of the XRD patterns are broad,
showing a SiC amorphous structure with traces of silicon. The
difference in the pre-heat-treatment conditions has no influence on

Fig. 8. XRD patterns of the products derived from the refluxed PMS resins after pyrolysis at (a) 1273 K and (b) 1473 K.

Fig. 9. Apparent crystallite sizes estimated from the XRD (111) line
width in the pyrolysis products at 1273–1873 K (crystallite sizes (�3 nm)
estimated for pyrolysis at 1273 K are not completely precise, because the
measured lines are highly broadened).

Fig. 10. Results of deconvolution of the 29Si NMR spectrum of the
pyrolysis product at 1273 K in a simple argon gas flow.
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the observed XRD patterns. At 1473 K, all of the products show
substantial growth of �-SiC and silicon. However, the XRD
patterns of the products derived from the PMS resin refluxed at
523 K maintain a broad appearance, compared with those of the
other three samples.

Figure 9 shows the apparent SiC crystallite sizes in the pyrolysis
products derived from the refluxed PMS resins, estimated from the
half-height line width of the (111) line at 1273–1873 K. The
crystallites in the pyrolysis products derived from the resin
refluxed at 523 K always show the smallest sizes among the four
samples. On the other hand, the crystallites in the products derived
from the untreated PMS or the resin refluxed at 723 K are usually
larger. Crystallite growth of silicon decreases under reflux treat-
ment at 523 K.

In the 29Si solid-state NMR spectra for the products of pyrolysis
in flowing argon gas under the single-pulse method, the product at
1073 K shows a broad signal with a maximum at �10 ppm. This
result is consistent with the amorphous structure indicated in the
XRD patterns. However, at 1273 and 1473 K, the observed signals
are composed of several sharp signals that overlap each other.

Figure 10 shows the result of deconvolution for the observed
spectra under pyrolysis at 1273 K (R1: �13.1 ppm, R2: �15.2
ppm, R3: �20.1 ppm, R4: �24.0 ppm). The signal at �15.2 ppm
(R2) can be assigned to type A (second neighbors: 12Si, cubocta-
hedron) silicon atoms in �-SiC (3C). On the other hand, the signals
at �13.1, �20.1, and �24.0 ppm (R1, R3, R4) have been assigned
to type A, type B (second neighbors: 12Si, twinned cuboctahe-
dron), and type C (second neighbors: 12Si and 1C, capped
cuboctahedron) silicon atoms in �-SiC (6H, 15R,. . . ), respective-
ly.5,33,34 The difference in the peak positions of R1 (type A in �)
and R2 (type A in �) probably reflects the change in long-range
ordering in the pyrolysis products.

Surprisingly, some of the silicon atoms in such amorphous or
nanocrystalline SiC possess the same coordination as those in

�-SiC, although the evidence of �-SiC or stacking faults (peak or
shoulder at 33.6°) is absent in the XRD patterns.35 However,
quantitative estimation of the individual polytypes in the SiC
synthesized by solid-state NMR may give ambiguous results,
because of the long relaxation time of the silicon atom.36

Figure 11 shows the 29Si NMR spectra of the pyrolysis products
(1273 K) derived from the refluxed PMS resins. All of the spectra
consist of the previously explained four signals (R1, R2, R3, R4).
However, the spectrum of the product derived from the resin
refluxed at 523 K shows the most-broadened signals.

Apparently, the ceramic materials derived from the precursor
under reflux treatment at 523 K possess the most disordered
(amorphous-like) structure after pyrolysis. One of the important
factors for determining the crystallite sizes is the chemical com-
position of the pyrolysis product itself. Table I shows the EPMA
results for the elemental compositions of the pyrolysis products at
1673 K. The products at 1673 K exhibit the highest C/Si value,
0.87, with reflux treatment at 523 K and the lowest value, 0.78,
with no reflux treatment. The large amount of free silicon in the
product derived from the PMS without reflux treatment may
induce crystallite growth at 1273–1473 K. However, the C/Si
values are 0.85 or 0.84 in the materials with reflux treatment at 623
or 723 K, respectively. These values are close to that for reflux
treatment at 523 K. Therefore, crystallite growth probably is not
directly controlled by the amount of free silicon out of the SiOC
network.

The temperature at which the efficient cross-link starts is 523 K.
The observed phenomenon regarding the SiC crystallite sizes just
represents the same issue as the thermal history of organosilicon
precursors in the resulting ceramic crystallization. This is a very
difficult theme that encompasses various factors. In the case of
polycarbosilane or polysilazane pyrolysis, a sudden increase and
decrease in radical concentration, accompanied by hydrogen evo-
lution, have been observed just before crystallite growth.37 A
precise estimation of the hydrogen content in the pyrolysis
products derived from the PMS resins at 1073–1273 K and an
evaluation of the remaining radical concentration during pyrolysis
probably are required to characterize the effect of pre-cross-linking
on the resultant crystallite growth at high temperatures.

IV. Conclusions

Study of the thermal decomposition process of PMS in flowing
argon gas reveals the formation of a SiOSi cross-link at 573 K,
accompanied by cleavage of the PMS chains (redistribution
reaction). The formed SiOSi cross-link is converted to
SiOCH2OSi bridges at 723 K, by the Kumada rearrangement
process. The resulting network is gradually converted into a SiOC
network by losing hydrogen at high temperatures. Reflux treatment
above 523 K effectively increases overall ceramic yield, based on
the original PMS mass. In the environment of reflux treatment,
fragments formed by chain cleavage probably cool to cross-link
with residual resin at the bottom. The maximum ceramic yield
under reflux treatment is �75% at a reflux temperature of 623 K.
Simple holding at 523 or 573 K, without the reflux condenser, also
effectively increases ceramic yield; however, the ceramic yield
under simple heat treatment is �50%.

The growth of SiC and silicon crystallites in the pyrolysis
products derived from refluxed PMS resins is remarkable at
1273–1473 K. However, pyrolysis products derived from the resin

Fig. 11. 29Si NMR spectra of the pyrolysis products at 1273 K derived
from the refluxed PMS resins.

Table I. Elemental Analyses of Pyrolysis Products†

Sample condition

Content (at.%)

SiCxOy formula‡Silicon Carbon Oxygen

Original 54.16 42.10 3.74 SiC0.78O0.07
523 K 51.05 44.52 4.43 SiC0.87O0.09
623 K 51.69 44.10 4.21 SiC0.85C0.08
723 K 52.36 43.97 3.67 SiC0.84O0.07

†All samples were pyrolyzed at 1673 K under argon gas. ‡Five points averaged.
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refluxed at 523 K possess the most disordered structure, as shown
by the XRD patterns of the pyrolysis products at 1473–1873 K and
the 29Si NMR spectra of the product at 1273 K.
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