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Previous studies suggest that silicon oxynitride can be synthesized by pyrolysing polymers
which are produced by the copolymerization of cyclic polysiloxanes and cyclic polysilazanes.
The cyclic polysiloxanes required are [CH,Si(H)O],, with m =4, 5 and 6, and these can be
produced by the hydrolysis of dichloromethylsilane. In the present work, a significantly
improved combined yield of these cyclic polysiloxanes is reported. Three main reasons are
attributed to this achievement: an improved hydrolysis procedure; optimization of the initial
acidity of the reaction medium; and changes in the total reaction time. Thus a mixture
containing > 95 mol% cyclic tetramer, pentamer and hexamer has been prepared and this
represents a ~ 20 mol% improvement over previously reported results. Investigations of the
preparation and characterization of the cyclic polysilazanes, copolymers and silicon oxynitride

will be described in Parts |1-1V, respectively.

1. Introduction

Silicon oxynitride is a ceramic material with very
attractive properties. Its thermal and mechanical
properties are similar to those of silicon nitride [1-3]
whilst its oxidation resistance is superior to that of
silicon nitride [1]. This combination of properties
make it an ideal candidate for ceramic engine com-
ponents such as nozzles and turbine blades. Further,
the high resistance of silicon oxynitride to damage and
major dimensional changes during fast-neutron ir-
radiation makes it a desirable material for nuclear
engineering applications [4]. It is also very useful as a
protective thermal barrier coating for porous refract-
ories [5]. These excellent properties have not been
fully exploited because of difficulties in the synthesis of
silicon oxynitride. Conventional methods for the pre-
paration of silicon oxynitride involve a well-estab-
lished high-temperature nitridation reaction between
silicon and silicon dioxide, with metal oxides acting as
catalysts [6]. However, the product usually contains
silicon nitride and unreacted silicon dioxide which
have a detrimental effect on the properties of the
ceramic.

It has been shown that high-purity silicon oxy-
nitride can be produced by the pyrolysis of a poly-
meric precursor synthesized from dichloromethylsil-
ane [7]. Separate hydrolysis and ammonolysis of
dichloromethylsilane produces cyclic polysiloxanes
and cyclic polysilazanes, respectively. Copolymeriz-
ation of the siloxanes and silazanes gives a product
which can be pyrolysed to silicon oxynitride. How-
ever, a key feature of this process is the hydrolysis
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reaction where the combined yield of cyclo-polysilox-
anes, [CH,;Si(H)O],, with m = 4, 5 and 6, has to be
maximized in order to produce a suitable copolymer
which on pyrolysis gives a high yield of silicon oxyni-
tride [7].

Hydrolysis of diorganodichlorosilanes has been ex-
tensively investigated and several reviews on this sub-
ject are available (e.g. [8-10]). It is well established
that the hydrolysis products contain a mixture of both
linear and cyclic polysiloxanes with a wide distribu-
tion of molecular size [11-14]. However, this distribu-
tion depends on the method of hydrolysis [8] and the
acidity of the reaction medium [10, 15]. The hydro-
lysis of dichloromethylsilane has been investigated to
a lesser extent (e.g. [ 16, 17]) but similar factors might
be expected to influence significantly the distribution
of the products. Recently, Seyferth et al. have com-
pared the reactivities of dichlorosilane, dichlorometh-
ylsilane and dichlorodimethylsilane under similar
reaction conditions [ 187]. The reactivity of dichlorom-
ethylsilane was found to be between dichlorosilane
and dichlorodimethylsilane. Dichloromethylsilane,
dissolved in dichloromethane, was completely hydro-
lysed at room temperature by the addition of con-
trolled amounts of water to produce a combined yield
of 77 mol% cyclic tetramer, pentamer and hexamer
based on the total yield of the cyclic polysiloxane
produced [19].

In the present work, we have improved the hydro-
lysis procedure mainly by careful control of the initial
acidity of the reaction medium and the total reaction
time to give a combined yield of the three cyclics
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required to > 95 mol% based on the total yield of the
polysiloxanes produced. In Part I1 [20] we will report
investigations on the ammonolysis of dichloromethyl-
silane to produce the cyclic polysilazanes required.
Synthesis and characterization of various copolymers
produced by reacting these polysiloxanes and poly-
silazanes will be described in part III [21]. The con-
version of these copolymers to ceramic products and
their characterization will be reported in part IV [22].

2. Experimental procedure

2.1. Starting material

Dichloromethylsilane (DMS) was obtained from Al-
drich Chemicals Ltd, Poole, UK and distilled over
mercury under dry nitrogen. The middle cut (at 41°C)
was collected and used in the experiments described
below.

2.2. Hydrolysis

2.2.1. Method 1

A three-necked round-bottomed flask (500 cm?)
equipped with a mechanical stirrer and a water-cooled
condenser, was charged with DMS and dichlorometh-
ane as the solvent. Deionized water (~ 1.1 mol per mol
DMS) was slowly dropped into the stirred mixture
over 2.5 h. Stirring was continued for a further period
(Table 1). Subsequently, the aqueous phase was re-
moved and the organic phase was washed several
times until it was neutral. The products were concen-
trated by distillation of the solvent through a 600 mm
Vigreaux column at atmospheric pressure.

2.2.2. Method 2
The DMS in dichloromethane was dropped into a
mixture of hydrochloric acid (60 cm?), or in experi-

TABLE I Details of Experiment A conducted using the hydrolysis
Method 1. In the case of reaction time, x denotes the time taken for
the initial addition of water into the stirred system, whilst y is the
time the mixture was stirred after the addition was complete

DMS (g) 403
Dichloromethane {cm?) 250
Water (g) 7.0

Reaction time, x + y (h) 25+25

ment B, only into 60 cm?® water, and dichloromethane.
The reaction time was varied between 2 and 20 h in
separate experiments (Table IT) before the aqueous
and organic phases were separated. A mechanical
stirrer was used in all these experiments. Other details
are identical to Method 1.

2.3. Gas chromatography (GC)

Samples were taken from the final organic phase in
order to analyse the yield of the individual cyclic
oligomers formed by gas-liquid chromatography (Pye
type 6 analyser system) using 5% SE30 on diatomite
in a 600 mm column with the temperature pro-
grammed to change from 40 °C (or 60°C) to 300°C at
10°C min~ .

2.4. GC/mass spectroscopy (MS)

GC/MS experiments were performed on the concen-
trated organic phase (after most of the solvent was
removed by distillation using a vacuum line). A
Perkin—Elmer Chromatograph 8700 linked to a Q-
Mass 910 mass spectrometer was used. The capillary
column, which contained SGE BP-20, was 25 m long.
The column temperature was programmed to increase
from 60°C to 250°C at 10°C min~*. The injection
temperature was set at 250 °C.

2.5. Nuclear magnetic resonance
spectroscopy (NMR)

A 2%-10% solution of a sample of the concentrated

organic phase in deuterochloroform was used to ob-

tain the "HNMR spectra on a Jeol FX200 spectro-

meter. Tetramethylsilane was used as an internal

standard .

2.6. Fourier transform infrared spectroscopy
(FTIR)

A Nicolet 710 FTIR spectrometer was used. A sample
was dropped on to a potassium bromide plate and left
in air for about 1 min to evaporate the solvent before a
second potassium bromide plate was placed on it.
Subsequently, the sample was placed in the spectro-
meter and scanned in the wave number range
4000400 cm ! with a resolution of 4 cm ™!,

TABLE II Details of experiments conducted using the hydrolysis Method 2. In the case of the volume of dichloromethane used, V, is the
volume of dichloromethane mixed initially with DMS. The mixture was dripped from a funnel under nitrogen into the reaction system which
contained a mixture of ¥, cm® dichloromethane and hydrochloric acid (or water). In the case of reaction time, x denotes the time taken for the
initial addition of dichloromethylsilane into the stirred system, whilst y is the time the mixture was stirred after the addition was complete

Experiment

B C D E F G H 1 J
DMS (g) 359 322 343 25.7 309 357 35.7 348 330
Dichloromethane, )
V,+ V, (cm?) 200 +50 200450 200450 200450 200+ 50 200+ 50 200+ 500 200+ 50 200 + 50
Initial molar concen- - 0.1 1 3 3 3 3 5 5
tration of HCl
Reaction time, x + y (h) 4+1 4+ 1 1.7+2 15+13 13+3 1.8 +2 1.8+15 5+1 1 +1
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3. Results and discussion

3.1. Products

GC, GC/MS, NMR and FTIR characterization show-
ed that the products of each experiment were cyclic
polysiloxanes. Fig. 1 shows the GC trace of a typical
product before dichloromethane was removed. It
shows that the major components present are the
cyclic tetramer, pentamer and hexamer. The 'H NMR
spectrum of this product (Fig. 2) shows 'H resonances
from Si-H (8 =4.7p.pm.) and Si-CH, (8 = 0.21
p.p.m.) with a ratio of 1:3. Resonances from the end
group —HSi{CH;)OH were not observed. Therefore,
the NMR results show that the product contains
cyclics. GC/MS analysis confirmed that cyclic poly-
siloxanes were present in the product.

The FTIR spectrum (Fig. 3) of the same product
referred to above shows the typical characteristics of a
mixture of cyclic polysiloxanes described in the literat-
ure (e.g. [23-25]). The stretching vibration of C-H in
—-CHj; occurs at about 2968 cm ™ !. The absorptions at
2100-2200 and 768 cm ™! are due to stretching and
bending of the Si~H bond, respectively. The peaks in
the spectrum at about 1400 and 1260 cm ™! involve
the -CHj; group with the former representing -CH,
deformation vibration. Strong absorption in the re-
gion 1000-1200 cm ™! refers to the Si-O-Si asymmet-
ric stretch vibration. Vibration of Si—C bonds results
in the strong absorption at 874 cm 1.

The area under each peak in the GC traces was used
to calculate the weight percentages of the cyclics
produced. In these calculations it was assumed that
each cyclic oligmer has a similar detector response
factor. The weight percentages were converted to the
mole percentages and are reported in Table III.

3.2. Hydrolysis reaction

The hydrolysis of DMS is a two-phase reaction. DMS
molecules react with water at the interface between
water and the solvent. The hydroxy compounds pro-
duced then condense to form cyclic compounds ac-
cording to the overall reaction

mCH,SiHCl, + mH,0 —
[CH,Si(H)O],, + 2mHCl (1)

T T
20 15 10 5 0
Retention time {min)

Figure 1 GC trace of the product of Experiment E before removal
of dichloromethane. 4, 5 and 6 denote the peaks of the cyclic
tetramer, pentamer and hexamer, respectively.
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Figure 2 "H NMR spectrum of the product of Experiment E after
removal of dichloromethane. TMS refers to the peak shown by
tetramethylsilane. (M) Residual CHCl,, (O) residual CH,Cl,.

L
)
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™}

Figure 3 FTIR spectrum of the product of Experiment E after
removal of dichloromethane.

The combined yield of cyclic tetramer, pentamer and
hexamer obtained by the hydrolysis Method 1 (Ex-
periment A, Table III) is about 12 mol% greater than
that obtained by Seyferth et al. [18, 197]. Furthermore,
the total reaction time was also reduced from 24 h to
5 h. The major reason for this is the method of stirring
used. Seyferth et al. [ 18] used magnetic stirring. Mech-
anical stirring used in the present work helps to create
a larger interface for reactions and so allows a higher
yield in a shorter total reaction time.

The concentration of acid in the aqueous phase
increases very rapidly as the addition of DMS occurs.
It is noteworthy that, compared with our results of
hydrolysis Method 1 (Experiment A, Table III), a
wider distribution of cyclic oligomers was produced
by Seyferth et al. [18, 19]. This is possibly caused by
prolonged exposure of the products to the concen-
trated hydrochloric acid. Assuming all the HCI is in
the aqueous phase, it can be shown that the final
concentration of HCl may be > 50 M. Thercfore, ring
opening polymerization could occur according to the
cationic mechanism to give linear polymers or large
cyclics [10].



TABLE III Composition (mol%) of cyclo-{CH,Si(H)O],, formed from hydrolysis of DMS

m Experiment

A B C D E F G H 1 J
3 Trace Trace Trace Trace Trace Trace Trace Trace 6.2 49
4 429 53.5 54.0 68.0 68.9 67.4 68.4 60.9 46.4 55.7
5 30.7 28.6 30.9 21.7 21.2 232 23.2 234 257 24.0
6 153 110 9.9 6.6 6.6 6.8 7.0 8.5 12.1 10.7
7 6.4 35 4.0 22 2.1 2.0 1.5 4.8 4.6 29
8 2.5 15 0.8 0.8 0.7 0.5 Trace 1.2 1.9 1.1
9 1.3 0.9 0.4 0.3 0.3 0.1 0.6 12 0.5
10 0.7 0.6 Trace 0.1 0.1’ Trace 0.3 0.7 0.1
11 0.3 0.5 Trace Trace 0.2 0.6 Trace
12 0.1 Trace Trace 0.4
13 Trace 0.2
14 Trace
15
16
17
18
Combined yield 88.9 93.1 94.8 96.3 96.7 97.4 98.6 92.8 84.2 90.4
of 4, 5and 6

The combined yield of the cyclic tetramer, pentamer
and the hexamer was further increased to ~93 mol%
by using a larger volume of aqueous phase in the
second hydrolysis method (compare Table I and Ex-
periment B, Table II). The use of excess of water
dilutes the HCl formed and the yield of small cyclics
such as the tetramer is appreciably increased.

3.3. HCI concentration and reaction time
Results shown in Table III (Experiments C-J) clearly
indicate that the combined yield of the cyclic poly-
siloxanes required depends on the contact of the
hydrolysis products with hydrochloric acid. Contact
can be minimized by controlling the initial concentra-
tion of hydrochloric acid and the total reaction time.
An initial hydrochloric acid concentration of
0.1-3M HCI and a total reaction time of up to 5h
(Table II) gave a very high combined yield
(~95-99 mol%) of the cyclic tetramer, pentamer and
hexamer (Experiments C—G, Table III). A significant
reduction in this yield, (to ~ 84 mol%), is shown when
the initial HCI concentration changed to 5 M (Experi-
ment I, Table III). However, at an initial HCI concen-
tration of 5 M, reduction of the total reaction time
from 6 h to 2 h allowed some recovery in the com-
bined yield of the cyclics required (Experiment J,
Table I1I). Also in both of these experiments, with an
initial HCl concentration of 5M, an appreciable
amount of the cyclic trimer was produced. The effect
of total reaction time is again clearly shown in the
experiments where the optimum initial HCI concen-
tration of 3 M was used. A four-fold increase in total
reaction time reduced the combined yield of the re-
quired oligomers from 98.6 mol% to 92.8 mol% {com-
paring experiments G and H, Table IIT) with a wider
distribution of products. These results show that al-
though the concentration of acid is of primary import-
ance in maximizing the combined yield of the cyclic

oligomers required, it can be further improved by
careful control of the total reaction time.

In each of these experiments, the total yield of
polysiloxanes obtained was > 90% of the theoretical
value predicted by Equation 1. For example, in Ex-
periment B, 20 g product with a small amount of
dichloromethane was obtained from 32.3 g DMS.

4. Conclusions

The hydrolysis of DMS, which is a key reaction in the
preparation of a polymeric precursor suitable for con-
version to the ceramic silicon oxynitride, has been
optimized to increase the combined yield of the re-
quired cyclic polysiloxanes to > 95 mol%. This has
been achieved by modifying the hydrolysis procedure
and optimizing the initial acidity of the reaction sys-
tem and the total reaction time.

Acknowledgements

The authors thank SERC for financial support of the
ceramics research programme at Brunel University.
The technical help of Mr M. Wheeler in GC/MS
experiments is acknowledged. Mrs Kathy Goddard is
thanked for typing the manuscript.

References

1. M.BILLY,P. BOCH, C. DUMAZEA, J.C. GLANDUS and
P. GOURSAT, Ceram. Int. 7 (1981) 13.

2. P.BOCHand I. C. GLANDUS, J. Mater. Sci. 14 (1979) 379

3. M.H.LEWIS, C.J. READ and N. D. BUTLER, Mater. Sci.
Eng. A71 (1985) 87.

4. G. W.KEILHOLTZ and R. E. MOGRE, Nucl. Technol. 16
(1972) 566.

5. J. 1. FREDRIKSSON, US Pat. 4187 344, February 1980.

M. E. WASHBURN, Bull. Amer. Ceram. Soc. 46 (1967) 667.

7. Y.YUand T. MAH, in “Better Ceramics Through Chemistry
IT”, Materials Research Society (USA) Symposium Proceed-
ings, edited by C. J. Brinker, D. E. Clark and D. R. Ulrich

s

4253



14.
15.

(Materials Research Society, Pittsburgh, PA, 1986), pp.
559-64.

W. NOLL, “Chemistry and Technology of Silicones” (Aca-
demic Press, New York, 1968).

O.K.JOHANNSON and Ch. L. LEE, in “Cyclic Monomers”,
edited by K. C. Frisch (Wiley Interscience, New York, 1972).
P. R. DVORNIC and R. W. LENZ, “High Temperature
Siloxane Elastomers” (Huethig and Wepf, Basel, Heidelberg,
1990).

J. F. HYDE and R. C. DELONG, J. Amer. Chem. Soc. 63
(1941) 1194.

M. J. HUNTER, J. F. HYDE, E. L. WARRICK and H.
FLETCHER, ibid. 68 (1946) 667.

M. J. HUNTER, E. L. WARRICK, J. F. HYDE and C. C.
CURRIE, ibid. 68 (1946) 2284.

W.I. PATNODE and D. F. WILCOCK, ibid. 68 (1946) 3587.
B. HARDMAN and A. TORKELSON, in “Encyclopaedia of
Polymer Science and Technology”, Vol. 15, edited by H. F.
Mark, N. G. Gaylord and N. M. Bikales (Interscience, New
York, 1988) p. 204.

R. O. SAUER, W. J. SCHEIBER and S. D. BREWER, J.
Amer. Chem. Soc. 68 (1946) 962.

4254

17.

18.

20.
21.
22.
23.

24,
25.

N. N. SOKOLOV,K. A, ANDRIANOV and S. M. AKOM-
OVA, J. Gen. Chem. USSR 26 (1956) 933.

D.SEYFERTH, C. PRUD'HOMME and G. H. WISEMAN,
Inorg. Chem. 22 (1983) 2163.

D. SEYFERTH, in “Ultrastructure Processing of Ceramics”,
edited by G. D. McKenzie and D. R. Ulrich (Wiley, New York,
1988) pp. 33-9.

GA-ER YU et al.,, to be submitted to J. Mater. Sci.

Idem. to be submitted to J. Mater. Sci.

Idem. to be submitted to J. Mater. Sci.

N. WRIGHT and M. J. HUNTER, J. Amer. Chem. Soc. 69
(1947) 803.

M. SAKIYAMA, Bull. Jpn. Chem. Soc. 31 (1958) 67.

D. SEYFERTH, Y. F. YU and T. S. TARGOS, US Pat.
4705837, November 1987.

Received 5 January
and accepted 3 February 1993



