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WO 90/12835 PCT/US90/01638

5 HYDRIDOSILOXANES AS
PRECURSORS TO CERAMIC PRODUCTS

Description

10
Technical Field

This invention relates generally to preceramic
polymers and preparation of ceramic products therefrom.
More particularly, the invention relates to the use of
15 hydridosiloxanes as precursors to ceramic products such
as silica, silicon oxynitride, silicon carbide, and
metal silicates.

Backgqround Art

20 The invention relates primarily to: (1) the
preparation of polymers that are useful as precursors to
ceramic materials (i.e., which serve as "preceramic"
polymers); and (2) catalytic activation of Si-H bonds.
The invention also concerns, in one embodiment, the use

25 of sol-gel Processing techniques.

The sol-gel process is an important route for
advanced metal-oxide glasses and ceramics. The method
is currently used or of potential for protective,
optical and electronic coatings, optical fiber preforms,

30 nonlinear optical devices, dielectrics or supercon-
ductors, display materials, and structures. The sol-gel
technique provides a relatively low femperature,
controlled method of producing a large variety of shapes
such as monodispersed particles, uniform coatings,

35
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2.
fibers, dense or porous articles, and mixed metal oxides
having controlled stoichiometry and purity at the
molecular level.

The sol-gel process has been based mostly on
the same group of starting materials, the metal
alkoxides, carboxylates and diketonates. These
precursors are hydrolyzed, then condensed in the
presence of an alcohol/water solution to form a gel
which is dried and fired to give the final product.
Chemical control of product formation is manipulated by
temperature, type of catalyst and pH as well as by the
type and ratio of reactants in solution. See, e.g.,
C.J. Brinker et al., in "Ultrastructure Processing of
Ceramics, Glasses and Composites I" (1984), at pp. 43 et
seq.

Thus, the reaction procedure controls to a
large extent the morphology of the final gel, and,
therefore, the final ceramic microstructure as well.
Low water content and/or acidic conditions will give
spinnable gels because the precursor polymer will, as
noted above, be ‘substantially linear. Higher water
content will give slightly crosslinked, coatable gels,
while a very high water content and/or basic conditions
will give highly ¢rosslinked gel products that are
useful in casting processes and for powder formation.
See B.J.J. Zelinski et al., J. Phys. Chen. Solids
45:1069 (1984), and L.C. Klien et al., Ann. Rev. Mat.
Sci. 15:227 (1985).

It has recently been suggested that alkoxide-
siloxane oligomers may serve as molecular building
blocks for unique ceramic silica structures (V.W. Day et
al., J. Am. Chem. Soc. 107:8264 (1985)). A rigid cubic
alkoxysesquisiloxane, [Sig012](0CH3)g, offers the

possibility of generating porous materials, yet rigid
due to the molecular block structure.
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As noted above, the invention also relates to
preparation of preceramic polymers, i.e., polymers which
may be converted upon pyrolysis to ceramic products.

The present invention provides preceramic siloxane
polymers which are useful for preparing a wide variety
of silicious ceramic materials and articles, e.g.,
articles such as fibers, films, shaped products, and the
like, comprising materials such as silica, silicon
oxynitride, silicon carbide, or metal silicate.

The preceramic polymers, or "ceramic
precursors”, of the invention are prepared by catalytic
activation of Si-H bonds. To date, catalytic activation
of Si-H bonds has mainly been used for hydrosilylation
reactions of unsaturated compounds, as illustrated by
reactions (1) and (2):

R3Si-H + M————3 R3Si-M-H (1)

R3Si-M-H + RpC=X RpCH-XSiR3 + M (2)
3 3

(X =0, CR3)

Over the past 25 Years, numerous homogeneous and
heterogeneous catalysts have been found which promote
these reactions. See, €.9., J.L. Speier et al., J. Am.
Chem. Soc. _79:974 (1957). Typical applications of

these reactions have been in organic synthesis or in the
crosslinking of silicon rubbers (J.P. Collman et al., in
"Principles and Applications of Organotransition Metal
Chemistry", pp. 384-392, University Science Books,
1980). Only recently have such reactions been found
useful in another application, crosslinking of pre-
ceramic polymers, as described in commonly assigned PCT
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Application No. PCT/US86/02266, published 11 September
1987 as W087/05298.

Related reactions involving substitution at an
Si-H bond have been used to form compounds containing
Si-Y groups wherein Y is, for example, halogen, alkoxy,
or substituted or unsubstituted amino:

R3Si-H + H-Y—————3R35i-¥ + Hy (3)

catalyst

L.H. Sommer et al., J. Org, Chem. 32 :4270 (1967). Only
mono- and di-substituted aminosilanes, halosilanes and
alkoxysilanes have been synthesized by this method.
Surprisingly, there have been virtually no attempts to
enlarge the potential capability of reaction (3). For
example, the inventors herein are unaware of any work
involving reaction of compounds containing multiple Si-H
bonds with water to form oligomeric or polymeric
siloxane products.

Investigators at SRI, the assignee of the
present application, have recently discovered that
catalytic activation of Si-H bonds is extremely useful
in the synthesis of polysilazane ceramic precursors,
according to reaction (4):

R2SiH + RNHp > [R2SiNR]yx + Hy  (4)
i catalyst

(R=H, alkyl)

To date, however, efforts have not been focused on

enlarging the scope of the analogous reaction in the
presence of water, i.e., instead of using ammonia or
monoalkylamines. Preliminary research indicates that

r
S48
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similar reactions (as illustrated by reactions (5) and
(6)) will occur in the presence of water, to produce

monomeric, oligomeric or polymeric siloxanes, at room
temperature, or lower:

5
30°C
R3SiH + Hy0— —> R3SiOH + R3SiOSiR3 + Hy (5)
Ru3(C0) 12
10
30°C
R2SiHy + Hp0— — [R25i0]y + Hy (6)
Ru3(CO)12
15

The present invention is directed to a new

approach to polymer processing, and involves combining
the fields of research summarized hereinabove: (a)
preparation of preceramic polymers useful in making

20 ceramic materials; and (b) reaction of hydridosiloxane
compounds by catalytic activation of the Si-H bonds con-
tained therein. 1In a preferred embodiment, the inven-
tion also involves the use of (c) sol-gel processing
techniques. Gels or preceramic polymers produced using

25 the present method are highly "processable" and, upon
pyrolysis, give the desired ceramic material in
relatively high yield.

Disclosure of the Invention

30 Accordingly, it is a primary object of the
invention to use catalytic Si-H bond activation to
produce precursors to ceramic products.

It is another object of the invention to use
catalytic Si-H bond activation, in conjunction with

35
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sol-gel processing and/or other crosslinking or coupling
techniques, to produce ceramic precursors.

It is still another object of the invention to
prepare preceramic polysiloxanes using a two-step
process which involves: (a) replacing hydrogen atoms of
a hydridosiloxane starting material with non-hydrogen
substituents, via catalytic Si-H bond activation; and
(b) crosslinking the substituted intermediate so
provided using sol-gel processing or a related
crosslinking technique. It is also possible to treat
the starting material with water under sol-gel reaction
conditions, prior to introduction of non-hydrogen
moieties at Si-H sites.

It is yet another object of the invention to
provide such a method of making preceramic polymers in
which catalytically activated Si-H bonds in the
hydridosiloxane starting material are replaced with
§i-C, Si-N, Si-0, Si-Metal, or other linkages.

It is a further object of the invention to
provide a method of making silicious ceramic products by

" pyrolyzing preceramic polymers synthesized via catalytic

Si-H bond activation of hydridosiloxane starting
materials.

It is still a further object of the invention
to provide a method of making silica, silicon
oxynitride, silicon carbide, and/or metal silicates by
pyrolyzing various preceramic polymers as described
herein,

Additional objects, advantages and novel
features of the invention will be set forth in part in
the description which follows, and in part will become
apparent to those skilled in the art upon examination of
the following, or may be learned by practice of the
invention.
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In one aspect of the invention, a method is
provided for preparing a ceramic precursor, which
comprises: (a) providing a hydridosiloxane polymer
containing one or more Si-H bonds per mer unit; and (b)
reacting said hydridosiloxane polymer with a hydroxyl-
containing compound R'-OH, wherein R' is hydrogen,
C1-Cy1o alkyl, or aryl of 1-2 rings (and may be
substituted with one or more substituents which do not
significantly hinder the reaction), in an inert atmos-
phere in the presence of a catalyst effective to acti-
vate Si-H bonds, to give a ceramic precursor in which
hydrogen atoms have been replaced by -OR' moieties,
Crosslinking may then be effected using sol-gel or other
suitable techniques.

In other aspects of the invention, ceramic
precursors are provided using a similar.method, i.e.,
one which involves catalytic activation of Si-H bonds in
a hydridosiloxane starting material, but which provides
preceramic polysiloxanes in which the "activated"
hydrogen atoms have been replaced with non-hydrogen,
non-alkoxy substituents, e.g., nitrogen-containing,
carbon-containing, or organometallic groups.

In still other aspects of the invention,
silicious ceramic materials are prepared by: (1)
catalytic activation of Si-H bonds in a hydridosiloxane
starting material; (2) replacement of the activated
hydrogen atoms by non-hydrogen substituents; (3)
optional crosslinking using sol-gel processing or some
other suitable technique (e.g., reaction with an amine
crosslinker); and (4) pyrolysis at a selected
temperature and in a selected atmosphere, to give the
desired ceramic product. Depending on the pyrolysis
temperature, the particular polysiloxane preceramic, and
on the pyrolysis atmosphere, ceramic materials may be
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provided which comprise silica, silicon oxynitride,
silicon carbide, metal silicates, or mixtures thereof.
In many aspects of the invention, the

hydridosiloxane starting material of the aforementioned
processes, and/or the substituted intermediate, is
treated with water in the presence of an acid or base
catélyst after an initial catalytic Si-H bond activation
reaction. Such a step is in conformance with standard
sol-gel processing techniques, and extends the degree of
polymerization in or crosslinks the product. Typically,
this step provides a polymeric gel.

Modes for Carrving Out the Invention
A. Definitions.

. "Hydridosiloxanes" as used herein are
compounds which contain one or more silicon-hydrogen
boﬁds and one or more silicon-oxygen bonds. The term is
intended to include oligomeric, cyclomeric, polymeric
and copolymeric hydridosiloxanes.

‘ The term "polymer" is intended to include both
oligomeric and polymeric species, i.e., compounds which
include two or more monomeric or cyclomeric
hydridosiloxane units.

. The. "ceramic yield" of a compound upon
pyroly51s indicates the ratio of the weight of the
ceramic product after pyrolysis to the weight of the
compound before pyrolysis.

A "lower alkyl" or "lower alkoxy" group is an
alkyl or alkoxy group, respectively, having 1-6 carbon
atoms, more typically 1-4 carbon atoms, therein.

"Silyl" as used herein is an

-Six-,
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-SiX2- or -SiX3 moiety wherein X is hydrogen, lower

alkyl, lower alkenyl or amino, unsubstituted or substi-

tuted with 1 or 2 lower alkyl or lower alkenyl groups.

The "silyl" moiety may be part of a silicon-containing
5 oligomer, cyclomer or polymer.

Hydridosiloxane "coupling agents" as used
herein are intended to include any chemical reagent
which is capable of bridging two hydridosiloxane units.
The coupling agent typically has the formula HZH,

10 wherein Z is oxygen, sulfur, phosphoro, amino
(unsubstituted or substituted with one or more lower
alkyl or silyl groups), -0-, -0-Y-0-, -NX-NX-, or
-NX-Y-NX-, where Y is a linking group, typically lower
alkyl or silyl, and X is typically lower alkyl, silyl,

15 or hydrogen -Z- bridges between silicon atoms of two
hydridosiloxane monomeric or cyclomeric units.

B. Preparation of Ceramic Precursors.
B.l. Overview:

20 The method of the present invention involves
preparation of polysiloxane ceramic precursors by
catalytic Si-H bond activation of a hydridosiloxane
starting material. While a number of different types of
reactions and products are encompassed by the present

25 method, each reaction involves catalytic activation of
Si-H bonds in the selected hydridosiloxane material, and
replacement of the activated hydrogen atoms therein.

Table 1 illustrates the various pathways and

products of the invention:
30

35
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10
5
10 Table 1 )
Starting material: Polymer containing
the structure [RSiHO],
15 Pathway _Primary Product
I.
' Pyrolyze directly Ssiop/sic/c,
Si0N3p
20 (depending on R,
temperature and
pyrolysis atmosphere)
II.
25 A, Substitute with alkoxy groups [RSiHO]l[R§iO]m
OR': react with R'OH OR'
B. Sol-gel: prepare by cata- [RsiHo]1[R§i0]m
lytically reacting product of 0
* II.A. with vater [RSiHOI1[RSi0]y
30

35
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3 Pathway Primary Product
c. Pyrolyze product of II.A. or
I1.B.
1. Under inert atmosphere Si0gz/sic/c
10 2. Under reactive amine

atmosphere Si20N2/Si02

3. Under 03 Si07

ITI,

15 A, Sol-gel: prepare by [RSiHO]l[RﬁiO]m
catalytically reacting with OH
water

B. Pyrolyze product of III.A.

20 directly
1. Under inert atmosphere Si03/SiC/C
2, Under reactive amine

atmosphere Si70N2/81i07
3. Under 03 Siog

25 c. React product of III.A. [RSiHO]l[RS|iO]m
with an organometallic LpM-0
complex MLg,in the pres-
ence of a catalyst

D. Pyrolyze product of III.C.

30 1. Under O3 MxSiyOz
2. Under reactive amine MxSiyOzNy

atmosphere (e.g., "Sialon")

35
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5
Pathway Primary Product
Iv.
A. Substitute with hydrocarbon: [RSiHO];[RSiOIp
10 catalytically react with a
compound containing an un- R
saturated carbon-carbon
bond
B. Pyrolyze
15 1. Under inert atmosphere Sioa/sic/cC
2. Under reactive amine
atmosphere Sip0N32/Si07
3. Under 03 Si0g
et
0 V.
A. Substitute with amine: [RSiHO]1[R§10]m
' catalytically react with a NR" 5
secondary amine NR"H
25 B. Crosslink with amine:
catalytically react with [RSiHO]l[R§iO]m
primary amine NR"H; or ?-
ammonia [(RSiHO]1[RSiO]p
c. Pyrolyze
30 1. Under inert atmosphere SizON3/Si03/SiC/C
2, Under reactive amine
atmosphere SiON3/8i03
3. Under 03 §i0p

35
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Pathway Primary Product
VI,
A, Substitute with organometallic
group: [RsiHOh[RsliO]m
1. Catalytically react with LMLa-]
MLa or
[RSiHO]llR?iO]m
MLp
2. Catalytically react with [RSiHO]ﬂR?iO]m
LaM-OH OML},
B. Pyrolyze products of either
Vi.A.l. or VI.A.2.
1. Under 02 MxSiyOz
2. Under reactive amine
atmosphere MxSiyOzNy
VIiI.
React with coupling agent H-Z-H
1. [RSiHO]p [R.?iO]
}Z
[RSi0]

2. Cyclomeric starting material

O —SiHR O-SHR  RHSi—O, _Z
/ AN 4 ~ /7 ‘e \
RES1 0 %é; o o s&
- SR BSi O
Q s/n-m o N2 Mo sifiR
RHSi—0
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The hydridosiloxane starting material is a
polymer which contains recurring mer units having the
structure -[RSiHO]-, i.e., -[RSiHO],- wherein n
indicates the number of recurring mer units in the
polymer, and wherein R is selected from the group
consisting of: hydrogen; hydroxyl; C1-Cyg alkyl or
alkoxy, which may be either unsubstituted or substituted
with hydroxyl, lower alkyl, lower alkoxy, halogeno,
silyl, or NR"3 groups, wherein R" is hydrogen or lower
alkyl; aryl of 1-2 rings, which may be similarly
substituted; NR"; silyl; and MLg, OMLs, or NR"MLg,
wherein MLy is an organometallic compound, and may be an
oligomer or cluster. This hydridosiloxane starting
material will frequently be commercially available, or
it may be synthesized from an unsubstituted monomeric or
polymeric hydridosiloxane using the catalytic Si-H bond
activation/substitution reaction described herein.
Cyclomers such as

O—~S@§?
s
0 SiHR
N\ /
RHSi— O

may be used as well, as may hydridosiloxane copolymers.
Suitable hydridosiloxane copolymers include the mer unit
-[RSiHO]-, as above, combined with other types of
monomers to improve polymeric and pyrolytic properties.
Any such copolymers are considered to be equivalent, for
purposes of the invention, to the homopolymer
-[RSiHOIp-. Preferred monomer units for incorporation
into a hydridosiloxane copolymer include but are not
limited to, the following structures (wherein R is as
defined above):

b i
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and R

It is required that the aforementioned
reactions for preparing ceramic precursors be carried
out in the presence of a catalyst. Virtually any
catalyst may be used, so long as it does not actively
interfere in the reaction and is effective to the
activate Si-H bonds of the precursor. Suitable
catalysts include acid catalysts such as HCl, HpS04,
HBr, NH4Cl, NHgBr, AlCljz, BCl3 and H3POg, basic
catalysts such as NaOH, KOH, Ca(OH)2, NH3 and pyridine,
and metal catalysts, particularly transition metal
catalysts such as those indicated in Tables 2 and 3
below. Table 2 sets forth homogeneous catalysts which
dissolve in the reactants. Heterogeneous catalysts such
as those of Table 3 may also be used, as can mixtures of
homogeneous catalysts and/or heterogeneous catalysts.
(It should be pointed out here that the "homogeneous"
and "heterogeneous" classifications are made on the
basis of solubility in common organic solvents such as
alcohols. However, it is not uncommon that during the
reactions, homogeneous catalysts may be converted to a
heterogeneous form and vice versa.) These catalysts may
include any number of ligands, usually 1-6, including
carbonyl, amino, halo, silyl, hydrido, phosphine, arsine
and organic ligands.

10

15

20

25

The reaction involving catalytic activation of
Si-H bonds in the hydridosiloxane starting material
-[RSiHO],- is preferably carried out under an inert
atmosphere, e.g., under argon, nitrogen, or the like.
Also, since the reaction can be an aggressive, it is
preferred that it be carried out at temperatures of 0°C

30

35
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to 100°C, more preferably 0°C to 40°C. The use of an
inert organic solvent, is optional.

The catalyst(s) may be supported on a polymer,
inorganic salt, carbon or ceramic material or the like.

5 The heterogeneous catalyst may be provided in a

designated shape, such as in particles, as porous
plates, etc.

The concentration of catalyst will usually be
less than or equal to about 5 mole percent based on the

10 total number of moles of reactants, usually between

about 0.1 and 5 mole percent. In some instances,
however, catalyst concentration will be much lower, on
the order of 20 to 200 ppm.

15 Table 2, Homogeneous Catalysts

" HgRug(CO)12, Fe(CO)s, Rhg(CO)16, Coz(CO)g,
(Ph3P)2Rh(CO)H, HPtClg, nickel
R : cyclooctadiene, 0s3(CO)13, Irg(CO)ysp,
20 (Ph3P)2Ir(CO)H, NiCly, Ni(OAc)z, CpyTicly,

: (Ph3P)3RhC1, H20s3(CO)1g, PA(Ph3P)y,
Fe3(CO)12, Ru3(CO)32, transition metal
hydrides, transition metal salts (e.g., 2nClyp,
RuCl3, NaHRu3(CO)j3) and derivatives, PdClo,,

25 Pd(0Ac)2, (¢CN)oPACly, [Et3SiRu(CO)4]5,

Ny (Me3Si)oRu(CO) g, [Me2SixSiMe) JRU(CO)4, and

mixtures thereof.

Table 3, Heterogeneous Catalysts

30
Pt/C, Pt /BaSO4, Cr, P4/C, Co/C, Pt black, Co
black, Ru black, Ra-Ni, Pd black, Ir/Alj03,
 Pt/Si02, Rh/TiO2, Rh/Laj03, Pd/Ag alloy,
LaNi5, PtOz, and mixtures thereof.

35 -
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B.2. Substitution of -[RSiHOlp- with
alkoxy moieties:

The preferred method of the present invention
involves preparation of a polysiloxane preceramic by
reaction of a hydridosiloxane polymer with an alcohol,
either prior to or following sol-gel processing. The
reaction involves catalytic activation of Si-H bonds in
the hydridosiloxane starting material, and replacement
of the "activated" hydrogen atoms therein with alkoxy
groups, as indicated in Section II of Table 1.

The hydridosiloxane may be represented as
containing one or more mer units having the structure

wherein x is 1 or 2. Reaction of this starting material
with a hydroxyl-containing reactant R'OH, wherein R' is
hydrogen or a lower alkyl moiety and is different than
R, yields the polysiloxane preceramic

f'}llx N (OR' )y ]
—+Si—0—— —+ Li—o——
l 1 I m
__Ro-x _} | Ra-x

in which, as may be deduced from the structure, hydrogen
atoms of the hydridosiloxane starting material have been
replaced by new, OR', alkoxy moieties. The relative
amounts of unsubstituted and alkoxy-substituted mer
units are indicated by the subscripts 1 and m,

-17-



%

WO 90/12835 18 PCT/US90/01638

10

15

20

25

30

35

respectively. (Reaction with water, i.e., wherein R' is
hydrogen, is described in Section B.§. below.)

This preceramic may be pyrolyzed directly to
give the products enumerated in Table 1. Alternatively,
it may be processed prior to pyrolysis according to the
sol-gel method described in Section B.5., below, to give
a preceramic gel (see Section II of Table 1). The gel,
vhile yielding the same ceramic product as its linear
precursor, provides higher ceramic yields and does not
melt upon pyrolysis.

In a related reaction, the hydridosiloxane
starting material is monomeric rather than polymeric,
and initially substituted with alkoxy groups, i.e., it
is a monomeric silane substituted with one, two or three
alkoxy groups "OR1", The monomeric silane may thus be
represented by the formula HmSi(OR1)4_m wherein m is 1,
2or 3. Ina first type of reaction involving this
monomeric starting material, the compound is reacted
with an alcohol R20H in the presence of a catalyst
effective to activate Si-H bonds so that activated
hydfogen atoms are replaced by new alkoxy moieties
"ORZ", R] and Ry are typically C1-Ci1p alkyl or alkoxy
moities, or aryl of 1-4, preferably 2-3 rings, more
typically lower alkyl groups, and may be either
unsubstituted or substituted as for the substituent "R",
discussed above. The resulting structure may be
represented as Si(ORl)4_m(OR2)m.

This latter compound may be hydrolyzed to give
a polysiloxane ceramic precursor; hydrolysis will again
be carried out in the presence of a catalyst effective
to activate Si-H bonds. The differential in hydrolysis
rates of the two different types of alkoxy moieties -OR!
and -0R? is useful in dictating the type of polymer
which result upon gelation (i.e., upon hydrolysis).
Where there is a substantial difference in hydrolysis
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rates, a more linear polymer will be produced, while if
hydrolysis rates are approximately the same (for
example, when R} and Rj represent the same
substituents), a crosslinked structure will result,

(A second type of reaction involving the
aforementioned monomeric silane is simple hydrolysis to
give a polymeric alkoxy-substituted siloxane, containing
pendant -ORl moieties.)

B.3. Introduction of additional carbon: When
the ceramic product ultimately desired is to include
carbon, e.qg., as silicon carbide, it is preferred that
the polysiloxane ceramic precursor be modified to
increase the mole fraction of carbon therein. 1In such a
Case, as illustrated in Section IV of Table 1, the
hydridosiloxane starting material -[RSiHOln- is reacted,
in the presence of a catalyst effective to activate Si-H
bonds, with a compound containing an unsaturated
carbon-carbon bond. Sol-gel processing is optional and
may be carried out either before or after the
substitution reaction. The compound may be alkenyl or
alkynyl, and of any size and containing any number and
kind of substituents, so long as potential steric
interference is minimized and the substituents do not
hinder the reaction. 1In general, the reaction may be
represented as introducing pendant -(CH2)2-R species in
pPlace of the activated hydrogen atoms, by reaction with
-CH=CH-R (or -C=C-R) with R as defined hereinabove.

Pyrolysis of the carbon-rich polysiloxane
precursor will give ceramic products as indicated in
Table 1, Section 1IvV.

B.4. Amine substitution: When it is desired
that the ceramic material include nitrogen, e.g., as
silicon nitride or silicon oxynitride, the
hydridosiloxazane starting material -[RSiHO]- is reacted
with ammonia or a primary or secondary amine in which
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the substitutents, if any, are lower alkyl, in the
presence of a catalyst effective to activate Si-H bonds.
When the amine reactant is a secondary amine, the
reaction will result in a structure in which the
linearity of the siloxane polymer is substantially
maintained, but in which the activated hydrogen atoms in
the starting material have been replaced by pendant
amine groups. In the preferred embodiment, the amine
reactant is ammonia or a primary amine, and a
crosslinked siloxazane structure in which polysiloxane
chains are joined through -NH- or -NR"- linkages results
(Section V of Table 1). additional information
concerning this latter reaction may be found in PCT
Publication No. WO087/05298, cited above.

Pyrolysis of either the linear or crosslinked
ceramic precursor in which nitrogen-containing moieties
have been incorporated as above will result in: (1) a
migture of silicon oxynitride, silica, silicon carbide
and.carbdn, when pyrolysis is conducted in an inert
atmosphere; (2% a mixture of silicon oxynitride and
silica, when pfrolysis is conducted in a reactive amine
atmosphere, e.g., in ammonia or methylamine; (3) silica,

when pyrolysis is conducted in oxygen.

..B.5. Substitution with organometallic
species: - In an equally important embodiment of the
present invention, organometallic species are introduced
into the polysiloxane precursor prior to pyrolysis.
Pyrolysis will then give metal silicates, which
(depending.on the pyrolysis atmosphere) may or may not
contain nitrogen,

Several routes may be taken to introduce
organometallic species into the polysiloxane precursor.
First, the hydridosiloxane starting material -[RSiHO]p-
may be directly reacted with an organometallic compound
MLy, wherein M is a metal atom, L represents one or more

23
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ligands associated therewith, and "a" represents the
mole ratio of L to M in the compound. "MLz" may be
monomeric or oligomeric; it may also represent a
cluster. As above, the reaction is carried out in the
5 presence of a catalyst effective to activate Si-H bonds,
so that the activated hydrogen atoms are replaced with
the organometallic species. Depending on the particular
metal and ligand, the activated silicon atoms may bind
either to the metal or to the ligand, to give either
10 Si-M or Si-L bonds in the resultant ceramic precursor.
Examples of representative "M" elements
include lithium, sodium, potassium, magnesium, calcium,
boron, aluminum and phosphorus, as well as the transi-
tion metals, lanthanides and actinides. Examples of
15 suitable ligands include carbonyl, cyanocyclopentadienyl
("Cp"), phenyl ("Ph"), halide, metal clusters, alkoxy,
and aC=Ca, where a is alkyl, particularly lower alkyl,
or aryl, such as phenyl,
Second, the hydridosiloxane starting material
20 -[RSiHOIn- may be reacted: (1) with water, as described
" above, to give pendant hydroxyl groups in the ceramic
precursor; and subsequently (2) with the organometallic
compound MLa. In this case, in contrast to the reaction
just described, the organometallic species bind to the
25 silicon atoms of the polysiloxane chain via oxygen
bridges, i.e., Si-H bonds are replaced by Si-OMLp
linkages, wherein b represents the mole ratio of L to M
in these pendant groups.
Third, the hydridosiloxane starting material
30 -[RSiHOl- may be directly reacted with a compound
MLa-OH or M-OH, i.e., a metal-containing compound which
includes one or more hydroxyl groups. As before, the
reaction is carried out in the presence of a catalyst
effective to activate Si-H bonds. The ceramic precursor
35 which results here is similar to that obtained in the
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reaction just described, in which Si-H bonds are
replaced by Si-OMLp linkages. Examples of
metal-containing compounds suitable for this reaction
include CpFeCp-OH, CpyTi(OH), NaOH, KOH, R3Si-OH,

iRzB-OH, and. the like, wherein R is as defined earlier

herein. .

Pyrolysis of ceramic precursors which have
been modified to include organometallic groups yields
metal siiicates that may be represented by the formula
M¢Siy0z. Pyrolysis under an amine atmosphere, or of a
precursor that has been additionally modified to include
nltrogen (as described above), will yield a metal-
containing silicious ceramic material that additionally
contains nitrogen, Mx81yOzNw, wherein x, y, z and w
represent the combining proportion of M, Si, 0 and N in
the ceramic product.

B.6. Sol-gel processing: The alkoxy-
substltuted hydridosiloxane prepared in Section B.2.
may, if desired, be processed using sol-gel techniques.
The reaction is a hydrolysis step carried out using con-
ventional sol-gel processing methodology as described,
for example, by C.J. Brinker et al., in "Better Ceramics
Through Chemistry", eds. C.J. Brinker et al., Mat. Res.
Soc. Symposium Proceedings 32 (1984), at page 25, cited
above. Hydrolysis introduces pendant hydroxyl groups

“into the polysiloxane structure as well as some degree

of coupling or cross-linking. The product obtained may
be either pyrolyzed directly (see Section C) or
substituted as described in the preceding sections.

As with the reactions described in Sections
B.2. through B.5., hydrolysis is typically carried out
at a temperature in the range of about 0°C to 40°c,
preferably at room temperature or lower. The reaction
medium is typically aqueous alcohol, and the preferred
mole ratio of water to hydridosiloxane starting material
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is on the order of 0.1 to 8, more preferably 0.1 to 4,
most preferably 0.1 to 2. Increasing the amount of
water present will typically give a more crosslinked
product, while reducing the amount of water will
5 correspondingly give a more linear product. The
reaction is carried out catalytically, with Lewis acid
or base catalysts preferred. Examples of suitable
catalysts for this reaction are as set forth above.
B.7. Reaction wiith a coupling agent: 1If
10 desired, the polymer obtained upon catalytic Si-H bond
activation and substitution may be further reacted with
a coupling agent H-Z-H as defined above. Such a
reaction provides -z- bridges between hydridosiloxane
units (which may be either oligomeric, polymeric or
15 Cyclomeric), either extending the degree of polymer-
ization of or crosslinking the product.
Alternatively, a monomeric, oligomeric or
cyclomeric hydridosiloxane starting material, (e. g., a
Cyclomeric material as described in Section B.l.), may
20 be directly treated with a coupling agent H-2-H in a
dehydrocoupling reaction to give a coupled hydrido-
siloxane product. The coupled product may be pyrolyzed
as is, substituted first using the reactions of B.2.
through B.5., or processed via a sol-gel method as
25 described in Section B.6.
These latter two reactions are illustrated
schematically in Section VII of Table 1.

C. Pyrolysis.

30 Another important advantage of the
compositions and methods of the present invention is the
specificity and degree of ceramic yield upon pyrolysis,
Generally, an increase in the oxygen content of the
ceramic precursor will result in a higher oxygen content

35 in the ceramic product, while an increase in the carbon
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content of the precursor will result in a higher carbon
content in the ceramic product. 1In addition to the
chemical composition of the ceramic precursor, the
atmbsphere in which pyrolysis is conducted (as well as
the pyrolysis temperature) also dictates the composition
of’thejcerémic product. Ceramic materials which may be
obtained by the present method include, inter alia,
silica, silicon carbide, silicon nitride, silicon
oxynitride, and metal silicates. 1In a particularly
preferred embodiment, silica is prepared in
substantially pure form.

| ~ 8ilica will be provided by pyrolysis of a
ceramic precursor containing Si and O in oxygen or in an
oxygen-containing atmosphere. Carbon-free polysiloxanes
which may be prepared according to the method disclosed
herein will provide silica of very high purity, i.e.,
98-99% or higher.

The ceramic precursors prepared according to
the methods described in Section B may also be pyrolyzed
to give silicon nitride, silicon oxynitride, silicon
carbide, and metal silicates, as described above and as
outlined in Table 1.

- Procedurally, pyrolysis is preferably carried
out as-follows. A ceramic precursor prepared as
described in Section B is heated in the selected
atmosphere at a predetermined heating rate. 1If it is
desired that the composition of the pyrolysis product
correspond substantially to the composition of the
precursor, pyrolysis should be carried out in an inert
atmosphere. If desired, pyrolysis may be carried out in
a reactive atmosphere, e.g., under 03, NH3, H202, Hy0,
N20, H2, an alkylamine or the like. Pyrolysis in a
reactive amine atmosphere (i.e., under ammonia or an
alkylamine gas) will typically give more nitrogen in the
ceramic product, e.g., in the form of silicon nitride or
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silicon oxynitride. Preferred heating rates for bulk
pyrolysis are in the range of about 0.1°C to 10°C per
minute, preferably about 0.5°C to 2°C per minute, with a
particularly effective heating rate, optimizing ceramic
yield, of about 0.5°C per minute. In some applications,
flash pyrolysis may be preferred (e.g., in coating
applications).

Pyrolysis is carried out at temperatures of at
least about 500°C, preferably at temperatures in the
range of about 500°C to about 900°C. The pyrolysis
products set forth in Table 1 represent the ceramic
materials obtained by pyrolyzing in this temperature
range. In some cases, it may be desirable either to
initially pyrolyze at a higher temperature, e.g., 1200°C
or higher, or to carry out an additional high tempera-
ture pyrolysis step (again, at greater than about
1200°C) after the initial, 500°C-900°C, pyrolysis. Such
a procedure is useful to remove residual carbon, and in
carborizing or crystallizing the product. Where
mixtures of silicious ceramic products (e.g., silica,
silicon oxynitride) and carbon are obtained upon
pyrolysis in the 500°C to 900°C range, a subsequent high
temperature pyrolysis step will give silicon carbide in
high yield. Silicon carbide will also be obtained in
fairly high yield upon initial high temperature
pyrolysis of the carbon- -containing ceramic precursors
disclosed hereinabove.

The heating process may include one or more
isothermal holding steps, in order to control the
pyrolysis, to provide more crosslinking at moderate
temperatures (less than about 400°C) and to further
increase the yield of the final product.

After pyrolysis at a relatively low
temperature, i.e., in the range of 500°C to 900°C, a
high temperature pyrolysis step may be carried out to
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convert mixtures of silica and carbon to silicon carbide
or to crystallize an amorphous ceramic product. Mix-
tures of silica and carbon are obtained, for example, by
low temperature pyrolysis of the precursors of Section
B.l. and B.2. 1If desired, pyrolysis may be carried out
in the presence of a catalyst; examples of suitable
catalysts are set forth in Tables 2 and 3.

Optionally, pyrolysis may be carried out only
partially, i.e., in applications where it is not
hecessary to obtain a fully pyrolyzed material. Such
"partial pyrolysis" or partial curing may be carried out
at temperatures lower than 500°C.

D. Ceramic Coatings.

The ceramic materials provided herein are
useful in a number of applications, including as coat-
ings for many different kinds of substrates.

Silica, silicon nitride and silicon carbide
coatlngs may be provided on a substrate, for example, by
a variation of the pyrolysis method just described. a

~ substrate selected such that it will withstand the high

temperatures of pyrolysis (e.g. metal, glass, ceramic,
fibers, graphite) is coated with the preceramic gel
material. The ceramic precursor is then pyrolyzed on
the substrate by heating according to the pyrolysis
procedure outlined above. In such a method, pyrolysis
can be conducted relatively slowly, i.e., at a heating
rate between about 0.1°C and 10.0°C per minute, in order
to allow evolved gas to escape gradually, and can
include one or more isothermal holding steps. 1In some
instances, for example, with relatively temperature-
sensitive materials, or where a rapid-coating process is
desired, a flash pyrolysis step may be preferred. Flash
pyrolysis involves either direct exposure of a coated
substrate to a high temperature, or application of the
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coating material to the surface of a heated substrate.
Repeated, multiple coatings may be applied where a
thicker layer of material is desired, with partial
curing or gradual or flash pyrolysis following each

5 individual coating step.

The pyrolysis temperature will vary with the
type of coating desired. Typically, temperatures will
range from about 350°C to about 1100°C. Lower tempera-
tures, below about 500°C, can result in only partially

10 pyrolyzed polymer.

The above coating procedure is a substantial
improvement over the conventional, chemical vapor depo-
sition (CVD) method of producing silicious coatings in
which the appropriate compounds (e.g., SiHg and NH3 or

15 volatile silazane) react in the vapor phase to form the
ceramic which deposits on the target substrate. CVD is
typically a time-consuming process which requires costly
and specialized equipment that is limited in size. The
procedure described above for producing coatings con-

20 taining silica, silicon nitride, silicon oxynitride,
and/or silicon carbide can be done with a conventional
furnace. Further, the method leads to heat-stable,
wear-, erosion-, abrasion, and corrosion-resistant
silicious ceramic coatings. Because these silicon-

25 containing coatings have desirable electronic and
optical properties, and are resistant to most chemicals
as well as to extremes of temperature, many applications
of the coating process are possible. One specific
application is in gas turbine engines, on parts which

30 are particularly susceptible to wear, corrosion, or
heat. Also,'the coating process could be used to make
the dielectric material of capacitors, or for providing
insulating coatings in the electronics industry. Other

applications are clearly possible.
35
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E. Fabrication of Molded Ceramic Bodies

The ceramic precursors prepared as described
hereinabove may also be used to form three-dimensional
articles by injection- or compression-molding using
procedures substantially as described in PCT Publication
No. W087/05298, cited above. The results as
demonstrated in the examples of that application
ihdicate“that the procedure may also be successful in
the absence of sintering agents.

F. Preparation of Fibers
The ceramic precursors can also be used for

preceramic fiber spinning.

| Three general spinning techniques are commonly
used: (a) melt spinning, in which the polymer is spun
from its melt and solidified by cooling; (b) dry
spinning, in which the polymer is at least partially
dissolved in solution and pulled out through the spin-
neret into a heat chamber, then solidified by solvent
evéporation; and (c) wet spinning, in which a
concentrated polymer solution is spun into a coagulation
or regeneration bath containing another solvent in which
the polymer is not soluble. In addition, gel-type
polymers can be spun from very viscous solutions. These
tractable polymers rapidly gel and crosslink upon
removal of solvent after spinning due to high latent
reactivity. Polymeric fibers so formed are intractable.

_ Additional, relatively small quantities
(0. 1 -5.0 wt. %) of a very high molecular weight substan-
tlally,llnear organic polymer (100,000-5,000,000D) may
be mixed with the inorganic polymer to support and
improve the fiber strength after spinning, as taught in,
e.g;, U.S. Patent Nos. 3,853,567 to Verbeek and
3,892,583 to Winter et al.

3 :ﬁ*‘*’ ‘;;-'. :
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The supporting technique is especially useful
when low molecular weight and/or nonlinear polymers
having a very low degree of chain entanglement are used.

One problem encountered in ceramic fiber
fabrication derives from the fusability of inorganic
polymers during pyrolysis. This fusability results in
structural problems in the spun fiber. Polymers pro-
duced by the present invention, however, may overcome
the fusability problem, providing that the catalytic
process as described herein is actually incorporated
into the fiber-spinning process. For example, a high
molecular weight polysiloxane may be mixed with a
homogeneous catalyst and heated in a spinneret or in a
curing chamber to cause Si-H bond activation to occur
and increase the degree of crosslinking in the fiber.
Alternatively, the spinneret can itself be a catalytic
bed. Coupling or crosslinking agents may also be
included in the fiber-spinning process. Latent reactive
groups (e.g., free amino moieties) may be present as
well,

G. Other Applications

Many other applications of the novel polymers
of the invention are clearly possible.

Combining the polysiloxane gels prepared in
Section C with other ceramic powders (e.g., SiC, BN,
B4C) may be carried out in order to produce composite
articles. Such a composite of, e.g., a siloxane
polymer/SiC powder mixture may give an article having
improved oxidation resistance. Another application
would be to use the polymer gels as binders combined
with ceramic powders so as to provide a fluid polymer/
powder solution.

It is to be understood that while the inven-
tion has been described in conjunction with the
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preferred specific embodiments thereof, that the
foregoing description as well as the examples which
follow are intended to illustrate and not limit the
scope of the invention, which is defined by the scope of
the appended claims. Other aspects, advantages and
modifications within the scope of the invention will be
apparent to those skilled in the art to which the inven-
tion pertains.

Examples

Experimental: Unless otherwise indicated, the reagents
used were obtained from the following sources: silanes,
from Petrarch Systems, Inc., Bristol, Pennsylvania;
organic reagents including amines, from Aldrich Chemical
Co., Milwaukee, Wisconsin; gases, from Matheson,
Seacaucus, New Jersey; and catalysts, from Strem,
Newburyport, Massachusetts.

Example 1
Reactions of Oligo and Polymethylsiloxane with Ammonia

a. 0.05 mmol (32 mg) Ru3(CO)js was added to
100 mmol (6.0 g) [CH3SiHOl4 and the solution was heated
at 60°C under 200- psi of ammonia. Gas evolution gave a
pressure of 400 psi in 19 hours and hard rubber was
formed. The product's elemental analysis showed the
presence of 5.55% N which indicated a nitrogen-silicon
ratio of 0.28 (Table 3). The ratio of oxygen to silicon
was found to be about 1.29. Some of the oxygen excess

was believed to be a result of oxygen contamination
found in the commercial starting material and detected
by an NMR intensity ratio of Si-H/Si-CH3 absorbance
(0.8:1.0).

The product was pyrolyzed at 850°C under and
atmosphere first, of nitrogen and then, of ammonia,
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Elemental analysis of the Pyrolyzed material suggested a
mixture of the following ceramic components (mol ratio):
S§i02(0.63); Si3Ng(0.23); §ic(0.14); c(0.58). It is not
clear whether the N content derived from silicon nitride
or from silicon oxynitride. The mol ratios of 0, N and
Si in the ceramic material were similar to those of the
preceramic polymer, i.e., prior to pyrolysis. Pyrolysis
under a slow stream of ammonia reduced, almost totally,
the carbon content, as well as reducing some of the
oxygen excess. Correlatively, pyrolysis under ammonia
increased significantly the nitrogen content.

Very similar results were observed when the
cyclotetramer was replaced by polymethylsiloxane having
a number average molecular weight (Mp) of 1880D (degree
of polymerization is 29) as shown in Tables 4 and 5. A
comparison of the cyclo- and polysiloxane reactions
reveals that less nitrogen interacts with the polymer
than with the cyclomer, and that the SiC fraction in the
product obtained by pyrolysis under nitrogen is higher
for the polymer reaction. However, no real difference

" was seen when both were pyrolyzed under ammonia. The

ceramic yields were found to be very high for all types
of reactions and pyrolysis procedures. (see Table 4),

b. A solution of 100 mmol (6.0 g) [CH3SiHO],
and 25.0 pmol (8 mg) Ru3(CO);; was heated at 60°C under
100 psi of ammonia. After 2 hours 220 psi of pressure
were formed, and the product was a viscous liquid having
Mpn = 1230 D. The pressure was released and the reaction
mixture was recharged with additional 100 psi of
ammonia. 200 psi of gas were evolved in a 2-hour
period, and the viscous liquid converted to a soft
rubber.

1H-NMR integration revealed that 41% of the
Si-H bonds were replaced by ammonia to form Si-NHs and
Si-NH groups.
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Elemental analysis showed the incorporation
ratio of 0.24 nitrogen per carbon atom, which indicated
the formation of cyclosiloxane chain polymer bridged by

ammonia.

5 Indeed, a dimer of two cyclotetramers bridged
by a single -NH was the major product found by GC-MS
analysis.

IR of CCly solutions showed new sharp stretch
peaks at 3421 (w), 3380 (m), cm~ % together with new
10 shoulders at 1240 and 1160 cm-l,
1 NMR (CDCl3, 8, Ref CHCl3: Si-u (4.69,
0.59H), NH (1.10, 0.16H) CH3 (0.22, 3H).
4 The elemental analysis of the product was as
follows: C, 19.91 (mol ratio 1.00); H, 6.14 (mol ratio
15 3.70); N, 5.39 (mol ratio 0.24); S, 42.23 (mol ratio
0.91).
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ers and Ceramics

Product

si

Cyclotetramer reaction

Polymer
Ceramic
under

Ceramic
under

Polymer

material
N2

material
NH3

Reaction

Polymer
Ceramic
under

Ceramic
under

Reactant

material
N2

material
NH3

40.70
(1.00)

45.73
(1.00)

47.76
(1.00)

42.47
(1.00)

48.12
(1.00)

45.28
(1.00)

ction Between

Analysis % (mol ratio)

0

29.85
(1.29)

32.53
(1.25)

28.26
(1.04)

27.80
(1.14)

32.81
(1.19)

28.35
(1.03)

Table 5

N

5.55
(0.28)

6.94
(0.31)

21.81
(0.91)

4.06
(0.19)

5.02
(0.21)

21.01
(0.87)

£

18.02
(1.03)

14.10
(0.72)

1.35
(0.06)

19.67
(1.07)

13,65
(0.66)

1.75
(0.09)

Ceramic Yield of the Pyrolyzed Pol ers
Obtained in a Catalytic Reaction Between

Methylsiloxanes and Ammonia

Pyrolysis Conditions

Cyclotetramer

Cyclotetramer

Polymer

Polymer

N2
NH3
N2

NH3

77
84
75
88

H

—

5.88
(4.06)

0.79
(0.48)

0.57
(0.33)

6.00
(3.95)

0.76
(0.44)

0.54
(0.31

Ceramic Yield
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Evidence for SipON2: X-ray powder diffraction
analyses of the ceramic products obtained by the above
procedure showed clear spectra pattern of orthorhombic
SipON2, when the polymeric products were pyrolyzed under
NH3. Pyrolysis under N2 gave poor crystallization under
the same conditions. When the amorphous ceramic product
produced by pyrolysis under N at 900°C was reheated to
1600°C (also under N3), however, X-ray powder diffrac-
tion analysis of the product again indicated ortho-
rhombic SipONp. No other types of ceramic crystallites
were observed in the X-ray powder diffraction spectra.

Example 2
Reactions of Methylsiloxanes [CH3SiHO],

With Dimethylamine
a. L__3_£E914 To 6.0 g (100 mmol)
[CH381HO]4 were added 32 mg (0.05 mmol) of Ru3(CO)13 and
the solution was charged with approximately 100 psi of
dlmethylamlne. The reaction was carried out at 60°C and
detected by the observed pressure formed in the reactor.

The pressure was released every 0.5-1 hour and the

reactor recharged with fresh dimethylamine. After 6
hours, a total pressure of 1100 psi was charged into the
reactor and a total pressure of 770 psi was formed. No
more gas evolution was observed. 8.1 g of viscous oily
products were obtained, indicating a 49% yield of amine
substitution. This yield correlated with the lH-NMR
analysis of the solution, which showed 53% amine
substitution and 29% Si-H groups. GC-MS analysis showed
that bis- and tris-substituted Cyclotetramers were the
major products when mono and tetrakis appear only in
small quantities.

b. ng;giggi;l: The reaction was run with
the same amounts and under the same conditions as the
reaction with the tetramer. Only 50 psi of
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dimethylamine could be charged into the reactor each
time. A total pressure of 500 psi was charged and 375
psi of gas evolved after ¢ hours. 7.4 g of a very
viscous polymer was obtained (33% yield of amine
substitution) which is correlated to the lH—NMR analysis
showing similar results (36% amine substitution and 45%
Si-CH3 groups).

Example 3

Reactions of Methylsiloxanes [CHasiHO X

a. [CH3SiHOl4: To 6.0 g (100 mmol)
[CH3SiHO]4 were added 0.40 g water and Ru3(CO)i1; as
above. The reaction was carried out at 60°C under
nitrogen and detected by the observed hydrogen pressure
formed in the reactor. After 4 hour, a total pressure
of 440 psi was formed. After 2 hour, a total pressure
of 520 psi was observed. No more gas evolution was ob-
served. Pyrolysis was carried out at a rate of 5°C/min
up to 900°C. Pyrolysis under nitrogen gave a 70% yield,
while pyrolysis under ammonia gave a 77,.3% yield.
Elemental analysis of the product before pyrolysis gave
the following: C, 19.91 (mol ratio 1.03); H, 5.67 (mol
ratio 3.81); N, 0.10; Si, 41.63 (mol ratio 1.00); o,
22.16 (mol ratio 0.93), Elemental analysis of the
product after pyrolysis under nitrogen gave: C, 12.66
(mol ratio 0.65); H, 0.98 (mol ratio 0.60); N, 0.74 (mol
ratio 0.03); Si, 45.74 (mol ratio 1.00); 0, 40.27 (mol
ratio 1.54). The mole ratio of §102:8iC:C was derived
to be approximately 0.77:0.23:0.42.

b. [CH3SiHOl29: To 6.0 g (100 mmol)
[CH3SiHO]4 were added 0.18 g water and Ru3(CO)i1y as
above. The reaction was carried out at 60°C under
nitrogen and, as in Section (a), detected by the
observed pressure formed in the reactor. After % hour,
a total pressure of 150 psi was formed. After 2 hour,
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a total pressure of 180 psi was observed. No more gas
evolution was observed. Pyrolysis was carried out at
900°C. Pyrolysis under nitrogen gave a 44% yield, while
pyrolysis under ammonia gave a 86.7% yield. Elemental
5 anélys{s of the product before pyrolysis gave the
following: C, 20.69 (mol ratio 1.13); H, 6.70 (mol ratio
4.41); N, 0.24; Si, 42.78 (mol ratio 1.00); O, 26.81
(mol ratio 1.07). Elemental analysis of the product
after pyrolysis under nitrogen gave: C, 12.73 (mol ratio
10 1.06); H, 0.82 (mol ratio 0.82); N, 0.80 (mol ratio
0.06); Si, 45.53 (mol ratio 1.63); O, 40.41 (mol ratio
2.52).
c. To 10 grams of cyclotetrahydridomethyl-
" siloxane (CH3SiHO)4, in 20 g tetrahydrofuran (THF) were
15 added 0.67 g H20 and 20 mg Ru3(CO)12, and the solution
7 waé heated to 60°C under nitrogen. The reaction was
followed by observing the total pressure in the reactor.
After 15 minutes, the total pressure observed was 280
‘ psi; after 3 hours, the increase in pressure stopped and
20 the evolution of gas (Hy, as above) was thus completed.

" After removal of solvent, a viscous, waxy polymer,
polycyclohydridomethylsiloxane (PHMSO) was obtained,
removed from:;he reactor, and diluted to give a 5 wt.%
solution. The polymer slowly continued to crosslink and

25 converted to a solid product which was still soluble in

- THF. The resulting polymer can be pyrolyzed under

’niErogen or oxyden to give a high yield of an amorphous
ceramic composition comprising silica and potentially
carbon, and is useful in the fabrication of ceramic

30 coatings, shaped products, fibers, films, and the like.

Example 4
Reactions of Diethylsilane with Water

7 a. To 0.88 g diethylsilane were added 0.18 g
35 H20 and 50 mg triethylamine as catalyst. The reaction
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was carried out under nitrogen at 60°C ang detected by
the observed pressure formed in the reactor. After 1
hour, a total pressure of § psi was observed. After 22
hours, 78% of the diethylsilane was converted to linear

5 and cyclic oligomers of [Et2Si0], (Et = ethyl), wherein
n is 2-9,

b. To 1.76 g diethylsilane were added 0.36 g
water and 16 mg Ru3(CO)j7 as Catalyst. The reaction was
carried out under nitrogen at 60°C and detected by the

10 observed pressure in the reactor. After 1 hour, a total
pressure of 150 psi was observed; a pressure of 150 psi
remained after 3 hours. 1.75 g product was obtained.
After 1 hour, a series of

15 Example 5

As described in Section B.2., it will
sometimes be desired to introduce additional carbon into
the preceramic polysiloxane so that a higher fraction of
carbon will be present in the ceramic product, e.g., as

20 follows,

a. Reaction of [CH3SiHOl4 with an alkene or
alkyne: To [CH3SiHOlz in a suitable solvent such as THF
is added a predetermined amount of the selected alkene
or alkyne., The amount will vary depending on the mole

25 fraction of carbon desired in the ultimate ceramic
product. A catalyst such as HpPtClg is added, and the
solution is heated to about 60°C under an inert
atmosphere such as nitrogen. The resulting hydro-
silylation product, in which hydrogen atoms of activated

30 Si-H bonds have been replaced by carbon-containing
groups, may or may not be isolated at this point.
Hydrolysis is then carried out to polymerize this
product, according to the method of the preceding
examples. Water is added, along with a catalyst, and

35 the reaction is carried out at about 60°C under




T

WO 90/12835

10

15

20

25

30

35

]

38 PCT/US90/01638

nitrogen. As in the preceding examples, the reaction is
monitored by observing the increase in pressure during
the reaction. When the pressure increase stops, the
reaction may be presumed to be complete. Pyrolysis of
the'resulting polymer will give a product which contains
a relatively high fraction of carbon, as either silicon
carbide or unbound carbon. To increase the fraction of
silicon carbide in the ceramic product, an additional
1200°C pyrolysis step may be carried out. This
procedure is useful for making ceramic articles,
coatings, and the like, having a high carbon content.

b. In an alternative procedure, [CH3SiHOIl,4
may be hydrolyzed to give a polysiloxane as described in
Example 3, followed by reaction with an alkene or alkyne
to give substantially the same preceramic polymer as
obtained in the Section (a). The catalyst may or may
not be the same as that used in Section (a).

C. Aryl groups may also be introduced into
the polymer using this method. For example, [CH3SiHO],
may be reacted with styrene using essentially the same
procedure as described in Section (a), to introduce
pendant aromatic groups into the polysiloxane precursor.
Alternatively, [CH3SiHOly may first be reacted with
water, followed by reaction of the resulting polymer
with styrene, along the lines of the. procedure outlined
in Section (b). 1In either case, the ceramic precursor
produced will have a higher carbon content than that of
the hydridosiloxane starting material, in turn giving
rise to a ceramic product of higher carbon content (aryl
groups are readily transformed to give graphite carbon).

Example 6
Ceramic products comprised of metal silicates

may be prepared by reacting a hydridosiloxane starting
material with a metal-containing compound, as follows.
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predetermined amount of aluminum bis(glycolate). The
amount will vary depending on the mole fraction ofiron
desired in the ultimate ceramic product. A catalyst
such as Ru3(CO)17 is added, and the solution is heated

] to about 60°C under an inert atmosphere such as
nitrogen. The resulting product, in which Si-H groups
have been replaced by

Si 0
z \ﬂ_mg

groups, may or may not be isolated at this point.

15 Pyrolysis of the resulting polymer will give an iron
silicate ceramic product, i.e., one which contains
silicon, iron and oxygen.

b. In an alternative procedure, a linear
polyhydridosiloxane starting material is subjected to

20 hydrolysis in dilute solution to form Si-OH species.
The product is then reacted with Ti(OR)g or (RO)yTiClg-4
to form Si-O-Ti groups.

c. The aforementioned procedures may also be
used to prepare "SiAlON", a ceramic product containing

25 aluminum, i.e., in addition to silicon, oxygen and
nitrogen. The method of Sections (a) or (b) are
followed using an aluminum-containing reactant such as
[RAINH]3, (RO)3Al or [RA10]3 instead of aluminum

bis(glycolate), with pyrolysis carried out under
30 ammonia.

35



U

WO 90/12835 . . PCT/US90/01638

10

15

20

25

30

35

) 40
Claims:

l. A method of preparing a. ceramic precursor
which comprises:

(a) providing a hydridosiloxane polymer

~ containing recurring mer units having the formula:

._Tx -

—si—o—}
|

| R2-x  _|

wherein x is 1 or 2, and R is selected from the group

‘consisting of:

(i) hydrogen;

(ii) hydroxyl;

(iii) C3-C109 alkyl, which is either
unsubstituted or substituted with hydroxyl, lower alkyl,
lower alkoxy, halogens, silyl or NR"y groups, wherein R"
is hydrogen or lower alkyl;

(iv) C1-C10 alkoxy, optionally
substituted as in (iii);

(v) aryl of 1-2 rings, optionally
substituted as in (iii);

(vi) NR"7;

(vii) silyl; and

(viii) ML, OMLL, and NR"ML5, wherein M
is d@ metal atom and L is a ligand associated therewith;
and - ‘

(b) reacting said hydridosiloxane polymer with
a hydroxyl-containing compound of the formula R'-0OH,
wherein R' is hydrogen, C;-Cig alkyl, or aryl of 1-2
rings, and may be substituted with hydroxyl, lower
alkyl, lower alkoxy, halogeno, silyl, amino groups, or
combinations thereof, in an inert atmosphere in the
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presence of a catalyst effective to activate Si-H bonds,
to give a ceramic precursor in which hydrogen atoms in

the hydridosiloxane polymer have been replaced by OR'
moieties.

2. The method of claim 1, wherein said
hydridosiloxane polymer is prepared by polymerization of
a monomeric halogenated silane in the presence of water,

3. The method of claim 1, wherein said
hydridosiloxane polymer is treated with a crosslinking
agent prior to or during step (b).

4. A method of preparing a silicious ceramic
material, which comprises:
(a) providing a hydridosiloxane polymer
containing recurring mer units having the formula:
Tx [

—Si—0—+

_.ILZ-X _J

wherein x is 1 or 2, and R is selected from the group
consisting of:

(i) hydrogen;

(ii) hydroxyl;

(iii) C1-Cyp alkyl, which is either
unsubstituted or substituted with hydroxyl, lower alkyl,
lower alkoxy, halogens, silyl or NR"y groups, wherein R"
is hydrogen or lower alkyl;

(iv) C1-C10 alkoxy, optionally
substituted as in (iii);

(v) aryl of 1-2 rings, optionally
substituted as in (iii);
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(vi) NR"2;
(vii) silyl; and
(viii) MLz, OMLs, and NR"MLa, wherein M
is a metal atom and L is a ligand associated therewith;
and
(b) reacting said hydridosiloxane polymer with
a hydroxyl-containing compound of the formula R'-0OH,
wherein R' is hydrogen, Cj-Cjg alkyl, or aryl of 1-2
rings, and may be substituted with hydroxyl, lower
alkyl, lower alkoxy, halogeno, silyl, or amino groups,
or combinations thereof, in an inert atmosphere in the
presence of a catalyst effective to activate Si-H bonds,
to give a ceramic precursor in which hydrogen atoms in
the hydridosiloxane polymer have been replaced by OR'
moieties; and
(c) pyrolyzing said ceramic precursor at a
temperature of at least about 500°C to give said ceramic
material.

5. The method of claim 4, further comprising,
after step (b), treating said hydridosiloxane polymer
with a crosslinking agent.

6. The method of claim 4, further comprising,
after step (b), treating said hydridosiloxane polymer
with water in the presence of a Lewis acid or base
catalyst.

7. A method of preparing a silicious ceramic
material, which comprises:

(a) providing a hydridosiloxane polymer
containing one or more Si-H bonds per mer unit;

(b) introducing carbon-containing moieties
into said polymer by reaction with a compound in the
presence of a catalyst effective to activate Si-H bonds,
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to give a ceramic precursor in which hydrogen atoms in
the hydridosiloxane polymer have been replaced by
carbon-containing moieties wherein said compound
containing an unsaturted carbon-carbon bond has the
formula CH2=CH-R, in which R is selected from the group
consisting of:

(1) hydrogen;

(ii) hydroxyl;

(iii) C3-Cy¢ alkyl, which is either
unsubstituted or substituted with hydroxyl, lower alkyl,
lower alkoxy, halogens, silyl or NR"7 groups, wherein R"
is hydrogen or lower alkyl;

(iv) C1-C10 alkoxy, optionally
substituted as in (iii);

(v) aryl of 1-2 rings, optionally
substituted as in (iii);

(vi) NR"3;

(vii) silyl; and

(viii) MLa, OMLs, and NR"ML,, wherein M
is a metal atom and L is a ligand associated therewith;
and

(c) pyrolyzing said ceramic precursor at a
temperature of at least about 500°C to give said ceramic
material.

8. The method of claim 18, further
comprising, prior to or during step (b), treating said
hydridosiloxane polymer with water in the presence of a
Lewis acid or base catalyst.

9. A method of preparing a silicious,
nitrogen-containing ceramic material, which comprises:

(a) providing a hydridosiloxane polymer
containing one or more Si-H bonds per mer unit;
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(b) introducing nitrogen-containing moieties
into said polymer by reaction with a compound HNR"3
wherein the R" are independently selected from hydrogen,
lower alkyl, silyl, and aryl of 1-2 rings, in the
presence of a catalyst effective to activate Si-H bonds, ¥
to give a ceramic precursor in which hydrogen atoms in
the hydridosiloxane polymer have been replaced with
nitrogen-containing moieties; and

M

(c) pyrolyzing said ceramic precursor at a
temperature of at least about 500°C to give said ceramic
material,

10.- A method of making a silicious ceramic
material containing the metal M, which comprises:

(a) providing a hydridosiloxane polymer
containing one or more Si-H bonds per mer unit;

(b) reacting said hydridosiloxane polymer with
a compound selected from the group consisting of ML, and
M-OH, wherein M is a metal atom, L is an organic ligand
associated therewith, and a represents the molar ratio
L/M in said complex, in the presence of a catalyst
effective to activate Si-H bonds, to give a ceramic
precursor in which said activated Si-H bonds have been
replaced by Si-M bonds; and

(c) pyrolyzing said ceramic precursor at a
temperature of at least about 500°C to give said ceramic
material,

1ll. A method of preparing a ceramic precursor
wvhich comprises:

(a) reacting, in the presence of a catalyst
effective to activate Si-H bonds, a hydridosiloxane
monomer HmSi(OR1)4_m with an alcohol RZOH, wherein R! $
and R? are selected from the group consisting of:

(i) hydrogen: .
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(ii) hydroxyl;

(iii) C1-C1p alkyl, which is either
unsubstituted or substituted with hydroxyl, lower alkyl,
lower alkoxy, halogens, silyl or NR", groups, wherein R"
is hydrogen or lower alkyl;

(iv) C1-Cig alkoxy, optionally
substituted as in (iii);

(v) aryl of 1-2 rings, optionally
substituted as in (iii);

(vi) NR"y;

(vii) silyl; and

(viii) ML5, OML;, and NR"ML4, wherein M
is a metal atom and L is a ligand associated therewith,

to give the substituted siloxane monomer
S1(ORY) 4-p(OR?)py; and

(b) hydrolyzing the substituted siloxane
monomer in the presence of a Lewis acid or base
catalyst, to give a polysiloxane ceramic precursor.

12. A method of preparing a ceramic precursor
which comprises:

(a) reacting, in the presence of a catalyst
effective to activate Si-H bonds, a hydridosiloxane
monomer HmSi(ORl)4_m with an alcohol RZOH, wherein R!
and R? are selected from the group consisting of:

(i) hydrogen;

(ii) hydroxyl;

(iii) Cc3-Cy19 alkyl, which is either
unsubstituted or substituted with hydroxyl, lower alkyl,
lower alkoxy, halogens, silyl or NR"y groups, wherein R"
is hydrogen or lower alkyl;

(iv) C1-C10 alkoxy, optionally
substituted as in (iii);

(v) aryl of 1-2 rings, optionally
substituted as in (iii):
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(vi) NR"y;
(vii) silyl; and
(viii) ML, OMLa, and NR"ML,, wherein M
is a metal atom and L is a ligand associated therewith,
5 to give the substituted siloxane monomer
$1(0R!) 4 (OR2) ;

(b) hydrolyzing the substituted siloxane
monomer in the presence of a Lewis acid or base
catalyst, to give a polysiloxane ceramic precursor; and

10 (c) pyrolyzing said ceramic precursor at a
temperature of at least about 500°C to give said ceramic
material.

13. A method of preparing a ceramic precursor
15 which comprises:
(a) providing a hydridosiloxane starting
material containing one or more Si-H bonds; and
(b) reacting said hydridosiloxane starting
material with a coupling agent H-Z-H, wherein Z contains
20 one or more elements selected from the group consisting
| "of oxygen, nitrogen, sulfur and phosphorus, to give a
ceramic precursor containing -z- bridges.

14, The method of claim 13, wherein the
25 hydridosiloxane starting material is a cyclomer which
has the formula

O—SiHR

4 \

RHS1 0

30 { !
’ 0 SiHR

RESi— 07

wherein R is selected from the group consisting of
35 ' (i) hydrogen;
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(ii) hydroxyl;
(iii) c3-C1¢ alkyl, which is either
unsubstituted or substituted with hydroxyl, lower alkyl,
lower alkoxy, halogens, silyl or NR"; groups, wherein R"
5 is hydrogen or lower alkyl;
(iv) c1-C19 alkoxy, optionally substituted as
in (iii);
(v) aryl of 1-2 rings, optionally substituted
as in (iii);
10 (vi) NR"y;
(vii) silyl; and
(viii) MLy, OML4, and NR"MLs, wherein M is a
metal atom and L is a ligand associated therewith,

15
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