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ORGANOSILANE POLYMERS, 1IV:

POLYCARBOSILANE PRECURSORS FOR SILICON CARBIDE

INTRODUCTION

Background

Previous work on this project dealt with the
preparation and properties of polydialkylsilanes.1_3 The
objective was the characterization of high molecular weight
polydimethylsilanes and improvement of their solubility
properties by replacing some of the methyl substituents with
ethyl, propyl, or phenyl groups. The discovery by Yajima of a
two-step pyrolytic conversion of polydimethylsilanes to silicon
carbide articles, including fibers,4 prompted screening of many
of the polydialkylsilanes prepared in this project as precursors
for silicon carbide. These materials achieved the desired
solubility properties but were not useful silicon carbide
precursors in that one-step, unconfined pyrolysis did not yield
significant amounts of silicon carbide.

Objectives

The current objectives of this project are:

1. Optimized preparations of tractable polycarbo-
silane precursors for silicon carbide,

2. Conversion of such polycarbosilanes to silicon
carbide including shaped articles thereof, such
as fibers,

3. Development of fundamental understanding of the
>

R

preparative and pyrolytic chemistry.
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Scope

The bulk of the work discussed in this report on

preparations and pyrclyses of polycarbosilanes was done in the
period September 1979-December 1g§p. Isolated screening

experiments which provided direction for the current effort were :
performed from August 1978 to August 1979. i

-

ORGANOSILICON APPROACHES TO SILICON CARBIDE

Silicon carbide (SiC) has been prepared from organo-
siloxane resins as early as 19535 and from chlorosilanes via '
vapor phase deposition6 as disclosed in 1964. More recently,
Yajima in Japan has developed an organosilicon route to SiC
fibers based on polydimethylsilanes.4 Other Japanese groups
have disclosed minor variations of the Yajima process in

preparing SiC precursors.7"9

R. West, University of Wisconsin,
has prepared copolymers from dimethyldichlorosilane and phenyl-
methyldichlorosilane which are effective SiC precursors in

10

certain applications. R. H. Baney, Dow Corning Corporation,

has derived SiC precursors from the residue stream from the ‘L
methyl chloride/silicon metal direct reaction.11
In the present project, routes to polycarbosilane
precursors for SiC have been developed based on silicon-carbon
bond-forming reactions of vinylic or chloromethyl (ClCHz-)

silanes with other chlorosilane monomers. These routes possess

certain advantages over prior art approaches.

SCREENING EXPERIMENTS

Unconfined atmospheric pressure pyrolyses of the
various polydialkylsilanes prepared earlier in this pro.jec‘l:l'3
revealed that they were not effective precursors for SiC. The
use of vinylmethyldichlorosilane instead of saturated alkyl-
methyldichlorosilanes or diphenyldichlorosilane did yield
polymeric products which were convertible in good yields to SiC
compositions. The materials derived from methylvinyldichloro-
silane were unfortunately insoluble and intractable, but did

provide a basis for continued study.
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MODEL CHEMISTRY

Since the utility of vinylmethyldichlorosilane
(CH2=CHSiMe012) in forming SiC precursors was established, it
was decided to study its dechlorination chemistry in reactioms
in which molecular weight build-up would be minimized. Thus, if
active metal dechlorination and =SiSi= bond formation were the
only reactions occurring, a 2/1 molar mixture of MessiCI/
CH2=CHSiMeCI2 would yield a homologous series of methylvinyl-

K
2Me _SiCl + CH_,=CHSiMeC1l ——p Me,Si(SiMe)_SiMe, + KC1
3 2 2 Solv 3 | b4 3
CH=CH2
polysilanes where x =0, 1, 2, 3..... but has an average value

of 1. The reactions in fact give low yields of those products
and substantial yields of nonvolatile heavies (42.4-71.9%
depending on solvent). The heavies are low in free vinyl groups
implicating some reaction of the vinyl groups.

The reaction occurring with the vinyl groups was
demonstrated by dechlorination of 1/1 molar mixture of MeSSiCI/

CH2=CHSiMe3. The yield of MessiCHZCH(SiMeS)z12 was 62.4% based on
K
Me381C1 + CH2=CH81Me3 —r Me381CH2CH(S1Me3)2 + KC1
THF
Me

3SiCl, with 51.3% of CH2=CHSiMe3 being recovered unchanged.

This observation implicated disilylation of vinyl
groups as the major polymer-forming reaction in our systems, and
demonstrated that CH2=CHSiMeC12 yields tetrafunctional units on

K

2=S1iC1 + CH2=CHSiE —— ESiCH2CH(SiE)2 + 2KC1
Solv.

dechlorination. The high functionality explains the

Me
K .
CH,=CHSiMeC1l - CH,CHSi-~_ + KC1
2 2 Solv 2 b

insolubility and intractability of polymers based solely on

CH2=CHSiMeC12.

il tthommmiidebensithingn it tanitn somtunisitisaniinbainunesn,
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Active metal silylations of vinyl groups have been
reported,12 as have reactions in which silicon-bound vinyl groups
have survived active metal dechlorination.13 The present work
represents the first case of reactions at both vinyl and chlorine
groups in vinylchloroalkylsilanes.

MOLAR FUNCTIONALITY CONCEPT

'J Recognition of vinyl group reactions enabled the assign-
] ment of molar functionality values, f, to several vinylic silanes.
These are listed in Table I as are values for standard chloro-
silane monomers and chloromethyl (ClCHz-) silanes. The molar

functionality values are useful in calculating average molar

| 4 functionality values, F, for polycarbosilanes prepared from known
: mixtures of chloroorganosilane monomers. The chemistry of bond
formation is straightforward, involving active metal

3 dechlorination (1) or disilylation (2) of vinyl groups. Vinyl
i groups c¢an also be mono- or trisilylated12 with disilylation being

the major reaction in our systems.

(1) § 2:SiCl + 2K == =SiSiz + 2KC1
{ =SiCl1l + =CCl + 2K == =SiC= + 2KC1

; (2) 2K + 2:S8iC1 + CH,=CHSiz =—#= =SiCH,CH(SiZ), + 2KCl
For example, the molar functionality, F, of a polycarbo-

silane prepared from a mixture of chlorosilane monomers Ml’ M2,

and M3 having respective functionality values fl’ fz, and f3 in

the molar ratio x/y/z, can be calculated from the equation:

F = xf1 + yf2 + zf

(x +y + 2)

3

Experiénce derived from numerous preparations shows that

molar functionality values of greater than two (F>2) are preferred
for obtaining tractable solid polycarbosilanes. This requires
that at least one of the monomers has an f value of 3 or higher,
and that the polycarbcsilanes be branched rather than linear.
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In addition to providing sufficient average molar
functionality, monomers should be selected such that the number of
Si-reactive sites (=SiCl groups) equals or exceeds the number of
C-reactive sites (2 for each vinyl group, 1 for ClCH2- groups) in
any given mixture. In other words, the formation of =SiC= bonds
must be favored. Tne need for this proviso becomes evident when

polycarbosilanes are pyrolytically converted to silicon carbide.

Thus, the molar functionality concept is useful in
preparing tractable polycarbosilanes in predictable fashion, but
does not predict effective conversion of those polycarbosilanes to
silicon carbide. The consideration of favoring =SiC= bond
formation in preparing polycarbosilanes adds predictability to
the polycarbosilane/silicon carbide conversion step.

POLYCARBOSILANE PREPARATIONS

Tractable, soluble solid polycarbosilanes were prepared
as copolymers or terpolymers from appropriate mixtures of chloro-
silane monomers. Most reactions typically yield products spanning
the molecular weight range from soluble liquids to insoluble
solids, with separation of soluble liquid, soluble solid, and
insoluble solid fractions occurring as a natural consequence of
the work-up method. The following are typical reactions,
optimized to maximize yields of soluble solid polycarbosilanes.
It should be noted that ali product fractions are convertible to
silicon carbide, although yields of SiC are lower for soluble
liquid products.

0.8 Me3SiC1 K 43.7% Soluble Liquid
10 CH,=CHSiMeC1, ;;;r 25.2% Soluble Solid
16.5% Insoluble Solid
0.5 Me381C1 K 19.1% Soluble Liquid
ﬂ MeZSiCI2 ?};F’ 61.0% Soluble Solid
1.0 CH2=CHSiMeC12 19.5% Insoluble Solid

[P RIPPRIPYE
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Successful SiC precursors have been prepared wherein
branching sites are introduced by trifunctional MeSiC13 instead
of tetrafunctional CH2=CHSiMeC12. These reactions have not been

2._61 MeSiCl3 _K> 20% Soluble Solid
1.00 CH2=CHSiMe3 THF plus Other
products.
g;gz. MeSiCl3 _E;’ 39% Soluble Solid
1.00 ClCHZSiMe2C1 THF plus other
products.

optimized; they are promising in view of the low cost and high
theoretical SiC yield of MeSiClB.

POLYCARBOSILANE PROCESS STEPS

The general reaction procedure involves several standard
steps. Initially, a weighed amount of K metal is combined with
THF in an appropriate flask in a dry box (inert atmosphere). The
flask is transferred to a hood, an argon atmosphere applied, and
appropriate fittings added. The latter include mechanical stirrer
with glass blade, thermometer, addition funnel, and Dewar
condenser (wet ice). The contents of the flask are heated to
reflux, melting the K, and addition of a weighed mixture of
chlorosilane monomers begun, and continued at a rate which
maintains reflux without external heating. After completion of
addition, heating is resumed to maintain reflux for an arbitrary
time, followed by cooling on a wet ice bath and termination by
addition of 20% aqueous THF. The reaction mixture is filtered to
remove KC1l, which is dissolved in water. The agqueous mixture is
filtered to remove insoluble polycarbosilane product, which is
vacuum dried. The filtered THF reaction solution is dried with
MgSO4, filtered to remove MgSO4, and concentrated by stripping.
The stripped solution is added to acetone, precipitating soluble
solid polycarbosilane, which is also vacuum dried. The acetone/
THF mixture is stripped, leaving the soluble liquid polycarbo-
silane product.
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The process steps are straightforward, and reactions
have been run in the laboratory on a one gallon scale with no
problems. As such, the process appears to be amenable to further

scale-up, including in commercial equipment.

ADVANTAGES OF K/THF SYSTEM

All but the earliest model reactions were run using
potassium (K) as the active metal, and THF as the solvent. There
are at least four advantages to this combination, including:

® Reactions are rapid, remarkably clean, and exothermic,
but are controllable. The reflux temperature of THF
is just above the melting point of K, keeping
reactions fluid and temperatures relatively low. A
slight molar excess of K ensures low residual
chlorine/oxygen contents in the polycarbosilanes
(oxygen arises from water used to terminate reactions)
and attendant stabilif{y to long term storage.

® THF does not react in this system, while it is known
to react with chlorosilanes in the presence of
sodium14 or magnesium.15 THF is reactive toward
CH2=CHSiMeC12 in the absence of active metals.16
Toluene yields ¢CstiMe3 in our hands and is known to

react with CH2=CHSiMe3 in the presence of either Na or
17
K.

® THF is much cheaper than HMPA (hexamethylphosphor-
amide)12 which is also a suspect carcinogen, and is

much less toxic than dioxane.

@® THF is water-miscible, allowing homogeneous
termination of reactions, and is also a good solvent

for the polycarbosilanes.
Disadvantages include the fact that K is more costly and

hazardous than Na, Li, or Mg, and generates more by-product (KC1l)
by weight than the other metals.

id MR 1 AR ol
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POLYCARBOSILANE STRUCTURES

The gross structures of our polycarbosilanes have been
fairly well established by the model chemistry and instrumental
-analyses. The molar ratios of monomer units in some cases require

?e

[(Messi)o.5(CH2(’3H?1)1'0(SiMe2)1.01

) -n

Typical Polycarbosilane Structure
that =SiSi= bonds be present, probably as disilane linkages.
These polymers are UV-inactive, ruling out the presence of
trisilane (=SiSiSiz) groups (or higher polysilane groups). Normal
approaches to =SiSiZ analysis, including base-catalyzed cleavage,
have not been successful and newer approaches, such as bromine
cleavage, are being considered. Other instrumental analyses (IR,
H1 NMR, C13 NMR) and elemental analyses support the proposed
average structure. The solubilities and high average

functionalities suggest that cyclic three-dimensional structures
are present as in silicone resins.

Since our polycarbosilanes are soluble, molecular
weights and distributions can be studied by gel permeation
chromatography (GPC). In the absence of molecular weight GPC
standards for these polymers, the scans will be more useful in
relating performance to molecular weight distribution rather than
in determining absolute molecular weight values.

PYROLYSIS CHEMISTRY

Pyrolyses described herein were run in two steps in
different furnaces, going from ambient to about 800°C in quartz
reactors, and to 1200°C in alumina reactors. The two step
approach is an equipment limitation, rather than necessity, and
would be run as one step with optimized equipment.




Organosilane Polymers, IV -9~

When polycarbosilane samples are pyrolyzed, most of the
chemistry and weight loss occur between 3500—5500C (see Figure 3,
which is a representative thermogravimetric analysis scan),
leaving amorphous SiC. Volatile products evolve and collect in
the cooler ends of the reactor. Weight loss above 800°C is
negligible, with the chemistry involving only the change of
amorphous SiC to microcrystalline 8-SiC, which is detected by
X-ray diffractions (see Figure 2 for representative scan). The
products are referred to as SiC compositions, since they contain
varying amounts of free carbon and oxygen (as Sioz). The presence
of these impurities is fortunately not detrimental to the high
performance properties of these compositions, and may in fact be
necessary.18 Our x-ray diffraction scans are superimposable with

those of Yajima..18

Pyrolysis yields for effective SiC precursors vary from
18.4% to 43.6% under our conditions, which involve shorter
pyrolysis times and higher heating rates than aré typical for
reactions of this type. Certain of the nonlinear soluble o0il
polycarbosilanes have also been pyrolyzed under our conditions,
yielding about 25% of SiC compositions. This shows that SiC
yields increase with polycarbosilane molecular weight for each
preparation, but only to a point. Yields of SiC from pyrolyses of
insoluble solids and soluble solids are the same for a given

preparation.

Our best yields for the two step process, i.e.,
polycarbosilane preparation and pyrolysis compute to 25.2%. This
is higher than the corresponding figures calculated from Yajima's

data.4 in going through patent examples on his three step process.

We have not yet begun an in-depth study of the volatile
by-products of the pyrolysis reactions. The bulk of these
products as isolated are also polymeric in nature, suggesting that
highly reactive species are generated in the hot zones and are
repolymerized in cooler zones. Further work will be addressed to
this problem.

g
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SIGNIFICANCE OF BRANCHING ON SiC YIELDS

In view of the fact that certain polycarbosilanes were
convertible to SiC compositions, polycarbosilanes known in the
literature were prepared and screened for conversion to SiC.

Linear polycarbosilanes (or polysilmethylenes) have been

prepared by active metal dechlorination of C1CstiMe2C1.19 When

such polycarbosilanes were prepared in this project, using K/THF
as the dechlorinating medium, and pyrolyzed, the yield of SiC was

K 1200°
C1CH_.SiMe, Cl == _(CH.SiMe,- == Nil
2 2 THF 2 27 x

negligible. This suggests that similar linear polycarbosilanes,

Mezsi SiMe2 ——— +CHZSiMe2—)-
~ X
prepared by polymerization of 1,1,3,3-tetramethyl-1, 3-disilacyclo-
butane,20 would also be ineffective as SiC precursors.

When ClCstiMeZCI is copolymerized with MeSiCl3 (see
Polycarbosilane Preparations), the resultant branched polycarbo-
silane is an effective SiC precursor, yielding 30.8% of SiC

composition on unconfined pyrolysis.

Similarly, Me281C12 has been reacted with CH2=CHSiMe
yield cyclic compounds and a polymer, presumably
=
—+CH2CH(SiMe3)SiMeé]X.21 Copolymerization of Me,SiCl, and

CH2=CHSiMe3 using K/THF yielded a polymer which produced

3to

Me,SiCl, K 1200°
——- CH2CHSiMe2 — Nil
CH.=CHSiMe THF [
2 3 .
SlMe3

negligible SiC on pyrolysis. When trifunctional MeSiCl3 was
substituted for difunctional MezsiClo (see Polycarbosilane

Preparations) in the reaction with CH2=CHSiMe3, the resultant

A}
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0.67  MeSiCl, X Soluble Solid 1200°
1.00 CH2=CHSiMe3 THF Polycarbosilane SiC

polycarbosilane was an effective SiC precursor (40.9% yield).

The above examples elegantly confirm the criticality of
polycarbosilane branching in obtaining good yields of SiC. A
copolymer was prepared from 2/1 ClCstiMe2C1/CH2=CHSi.VIeCl2 and was,
guite predictably, an effective SiC precursor.

SPINNING STUDIES

Experiments will be run with the goal of melt-~ or
solution-spinning of our polycarbosilanes to fibers. If
successful, the fibers will be thermally converted to SiC fibers
which will be tested for physical properties and composite
applications. It should be noted that fiber preparation is only
the most demanding application for polycarbosilanes. They will
also be useful as high temperature-resistant binders, coatings,
impregnants, and adhesives, and as additives in powder metallurgy.

CONCLUSIONS

Improved routes to tractable solid polycarbosilanes have
been developed, based on potassium metal dechlorination of
mixtures of vinylmethylchlorosilanes or methyltrichlorosilane with
other silane monomers. The criticality of branched structures in
such polycarbosilanes has been recognized in regard to their
conversion to silicon carbide compositions by atmospheric pressure
pyrolyses. The one step preparation of polycarbosilanes
represents a significant advance in that prior art processes4
involve an additional step wherein polysilanes are converted to
polycarbosilanes.
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FUTURE WORK

Further refinements in optimizing polycarbosilane
Preparations will be pursued in terms of reaction, raw material,
and work-up variables with the goal of maximizing yields and
minimizing cost and process complexity. Relationships between
polycarbosilane structure and silicon carbide yield and quality
will be developed. Selected polycarbosilanes will be screened for
spinnability, and sémples provided as needed for outside programs.
Analytical methods will be assessed for satisfactory =SiSi=
analyses and molecular weight determinations.

EXPERIMENTAL SECTION

All chlorosilanes were freshly distilled before use.
THF was reagent grade, dried over Linde 3A molecular sieves. K
metal was purchased as practical grade ingots; all K metal
transfers were made under nitrogen in a dry box. All reactions
(preparations and pyrolyses) were run under argon. Routine NMR
spectra were recorded with a Perkin-Elmer R24A spectrometer. VPC
Analyses were run on Hewlett-Packard 5830A and 58404 gas
chromatographs. Pyrolyses up to 800°C were run in a quartz
reactor in a Lindberg 54242 tube furance, and those up to 1200°C
were run in an alumina reactor in a Lindberg 54233 tube furnace.

The following represent typical reaction conditions and
methods.

Reaction of 2/1 Me

SiCl/CH2=CHSiMeC12 With K in THF

3

In a 500 ml three-necked round bottom flask with
standard taper fittings were combined 16.8 g (0.43 mol) of K metal
chunks and 131.4 g anhydrous THF. The flask was fitted with
heating mantle, mechanical stirrer with glass blade, thermometer,
addition funnel, and wet ice condenser plus valves for maintaining
an Ar atmosphere. Flask contents were heated to reflux (660)
melting the K and addition of a mixture of 23.3 g (0.215 mol) of
MeBSiC1 and 15.2 g (0.107 mol) of CH2=CHSiMeC12 was begun.
Addition was completed in 50 min, maintaining the reaction
temperature at 66-67.5° with no external heating. Heat was
applied to maintain reflux for ah additional 75 min. Reaction was

e e il o
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terminated by dropwise addition of a solution of 5 g H20 in 15 ml
THF. White solid precipitate was collected by suction filtration,
rinsed with several small portions of THF, and dissolved in water.
A clear solution was obtained with no insoluble polycarbosilane.
The THF solution was vacuum stripped and distilled up to 250/0.5
mm head temperature. There was obtained 16.7 g (71.9%) of non-
distilled residue, a soluble polycarbosilane fluid (molar
functionality F=2.0). Similar reactions using octane or toluene
in place of THF gave respective yields of 46.4% or 42.4% of
soluble polycarbosilane fluid. The reaction in toluene also
yielded ¢CHZSiMe3 as a volatile product.

The major volatile products from the above reactions
were identified as CH2=CHSiMe(SiMe3)2 and (CH2=CHSiMeSiMe3)2 by
GC/MS analysis (see Figures 1 and 2 for mass spectra) and by NMR.

Reaction of 1/1 Me SiCl/CH2=CHSiMe Cl With K in THF

3 2

- In the same apparatus were combined 18.6 g (0.48 mol) K
metal and 136.0 g anhydrous THF. System was heated to reflux,
which was maintained over 50 min by the addition of a mixture of
26.0 g (0.24 mol) of MeSSiCl and 28.9 g (0.24 mol) of

CH2=CHSiMe
hr. Workup as above left 16.0 g of polycarbosilane fluid (47.2%
which did not distil below 510/0.05 mm (molar functionality
F=2.0).

2Cl. Heat was applied to maintain reflux for another

GC/MS analysis of the distillate confirmed the presence
of Me,SiSiMe CH2=CHSiMe SiMe, (41.3% yield), (CH2=CHSiMe2)2,

3 3 2 3
MeSSiCHZCH(SiMeB)SiMeZSiMeB, CH2=CHSiMe2CH2CH(SiMe3)SiMeZSiMe3 and
SiMeZCH=CH2. Assign-

isomers, plus CH

2=CHSiM92CH2CH(SiMeB)SiMe

ments were supported by NMR analyses.

2
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Reaction of 1/1 MeBSiCI/CH2=CHSiMe With K in THF

3

Reaction procedure of above was followed with 17.3 g
(0.44 mol) of K metal, 137.3 g anhydrous THF, and a mixture of i
47.0 g (0.44 mol) of MeRSiCI and 44.0 g (0.44 mol) of CH2=CHSiMe3.
Workup yielded 33.8 g Me,SiCH,CH(SiMeg),, - b.p. 38°/0.07 mm (62.4%).
confirming that disilylation is the major reaction of vinyl groups
in these polycarbosilane-forming reactions. Unreacted CH2=CHSiMe3
(22.6 g, 51.3%) was recovered.

Polycarbosilane Preparation L
In a 5 liter, 3NRBY flask were combined 1463 g THF and F
336.3 g (8.6 mol, 5% excess) of K metal. Flask was fitted with '

electric mantle, mechanical stirrer (glass blade), thermometer,
600 ml addition funnel, large Dewar condenser (wet ice), and
valves for argon flow. Addition funnel was charged with 100.9 g
(0.93 mol) of MeSSiCI, 239.9 g (1.86 mol) of MezsiCIZ, and 262.3 g
(1.86 mol) of CH2=CHSiMeC12. Heat was applied to reflux with
gentle stirring, melting the K (670). Voltage to mantle was shut
off, and addition of chlorosilanes begun and continued over 3 hr,
maintaining reaction at 66-68.5°. Heating was resumed to maintain
reflux for two more hr. Flask and contents were cooled in wet ice
bath and reaction neutralized by dropwise addition of aliquots
totalling 50 g H20 in 380 ml THF. After standing overnight, solid
products were collected by suction filtration and triturated with
about 500 ml THF, followed by recollection by filtration. Solids
were then added to 3250 ml dist. HZO’ precipitating insoluble

solid polycarbosilane, which was washed with water and acetone,

followed by vacuum drying. The combined THF solutions were dried

over MgSO filtered to remove MgSO4, and stripped to about 300 ml

volume. %his concentrated solution was added dropwise to 4000 ml
of 19/1 acetone/MeOH (with magnetic stirring), precipitating
soluble solid polycarbosilane which was collected and vacuum
dried. The solvent/non-solvent mixture was stripped leaving an
0il which was vacuum distilled, yielding 52.7 g of soluble fluid

polycarbosilane, b.p. greater than 550/0.05 mm. The yields were:

—
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58.5 g soluble fluid polycarbosilane (including 5.8 g of
distillation cuts) (19.1%), 186.7 g soluble solid polycarbosilane
(61.0%), and 59.7 g of insoluble solid polycarbosilane (19.5%),
totalling 99.6% yield based on chlorosilanes charged.

Polycarbosilane Pyrolysis

Soluble solid polycarbosilane from above preparation
(7.00 g) was placed in a 3" quartz boat in quartz reactor fitted
in a Lindberg 54242 tube furnace. System was evacuated/argon
purged three times and heat applied from ambient to 370°C over
7 hr, at 370° overnight, from 370° to 746° over 8 hr, followed by
cooling overnight. Yield cf silicon carbide composition in boat
was 3.00 g (42.9%). This composition (2.80 g) was placed in
alumina boat/alumina reactor in Lindberg 54233 tube furnace.
System was again evacuated/argon purged three times and heat
applied from ambient to 1000°C over 4 hr, at 1000°C for 20 hr
(overnight), from 1000° to 1200° in 1 hr, and at 1200° for 6 hr,
followed by cooling overnight. Recovered 2.75 g of SiC
composition, consisting of 47.8% SiC, 27.4% $i0, (oxygen analysis
by difference), and 24.7% free carbon by weight. Microcrystalline
B-SiC was detected by x-ray diffraction.

Pyrolyses were repeated as above for 12.00 g of
insoluble solid polycarbosilane from above preparation (41.5%
yield after 7420) and for 20.35 g of soluble fluid polycarbosilane
from the same preparation (21.1% yield after 7260). Both samples
were then pyrolyzed to 1200° as above, yielding identical SiC
compositions by x-ray diffraction (see Figure 3 for x-ray
diffraction pattern).

—
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Reaction of 0.8/1 Me SiCl/CH2=CHSiMeC1 With K in THF

3 2

The procedure of Example I was repeated using a 1000 ml
flask, 72.4 g (1.85 mol) K metal, 508.8 g anhydrous THF, and a
mixture of 56.4 g (0.52 mol) of Me351C1 and 94.5 g (0.67 mol) of
CH2=CHSiMeC12. Similar workup yielded a yellow fluid which was
added to 550 ml acetone, precipitating a white solid. The solid
dissolved in an equal volume of CC14 and reprecipitated from 900 ml
acetone, followed by filtration and vacuum drying. The organic
phases were stripped and distilled to 690/0.08 mm, leaving a
polycarbosilane fluid, while addition of the reaction salt
precipitate to H20 left insoluble polycarbosilane which was
collected and vacuum dried. The yields were: soluble fluid,
37.1 g (43.7%), soluble solid, 21.4 g (25.2%), and insoluble
solid, 14.0 g (16.5%). The molar functicnality F was 2.67. The
soluble and insoluble solids were converted to SiC compositions by
heating to 1200°C in an inert atmosphere at atmospheric pressure.
3-SiC formation was confirmed by x-ray diffraction.

The soluble solid was analyzed by thermogravemetric
analysis (see Figure 4), producing a scan which is typical for
polycarbosilane precursors for SiC.

Reaction of C1CH,SiMeo,Cl With K in THF

The standard procedure was repeated using 16.7 g (0.42
mol) of K metal, 30.0 g (0.21 mol) of C1CHZSiMe2C1, and 194.5 g
anhydrous THF. Workup yielded 10.6 g (70.2%) of polysilmethylene
fluid, b.p. greater than 700/0.1 mm. Pyrolysis to only 585°C left
less than 1% residue confirming that linear polycarbosilanes such

19,20 are not effective

as polysilmethylenes known in prior art
precursors for silicon carbide when pyrolyzed at atmospheric

pressure under an inert atmosphere.
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Reaction of 2/3 MeSiClB/CICH SiMe,Cl With K in THF

2 2

The procedures above were repeated using 32.3 g (0.83
mol) of K metal, 326 g anhydrous THF, and a mixture of 19.6 g
(0.13 mol) of MeSiCl3 and 28.1 g (0.2 mol) of C1CHZSiMe2C1.
Workup yielded 7.8 g (39%) of soluble solid polycarbosilane. The
solid was converted to an SiC composition by pyrolysis in Ar to
1200°C at atmospheric pressure. The presence of B-SiC was
confirmed by x-ray diffraction. This example, with branching
introduced by units derived from MeSiC13, confirms that branched
structures are needed for conversion to SiC when results are
compared to those of the above experiment using only ClCstiMeZCI.

Reaction of 1/1 MezsiCIZ/CH2=CHSiMe With K in THF

3

The standard procedure was repeated using 33.6 g (0.88
mol) of K metal, 187.7 g anhydrous THF and a mixture of 52.9 g
(0.41 mol) of MeZSiCI2 and 41.0 g (0.41i mol) of CH2=CHSiMe3.
Workup yielded 39.7 g (57.6%) of linear polycarbosilane fluid,
b.p. greater than 990/0.04 mm, having the average structure
—ECH2CH(SiMe3)SiMe2:—x. Pyrolysis of this fluid to only 590°
under an inert atmosphere at atmospheric pressure left less than
0.3% residue. This example confirms that the linear polycarbo-
silane disclosed in prior art21 is not an effective precursor for
silicon carbide when pyrolyzed at atmospheric pressure under an

inert atmosphere.

Reaction of 2/3 MeSiC13/CH2=CHSiMe With K in THF

3

The procedures above were followed using 18.2 g (0.46
mol) of K metal, 180 g of anhydrous THF, and a mixture of 22.4 g
(0.15 mol) of MeSiCl3 and 23.0 g (0.23 mol) of CH2=CHSiMe3.
Workup yielded 6.0 g (20%) of soluble solid polycarbosilane and
0.8 g (2.3%) of insoluble solid polycarbosilane. The molar
functionality F was 2.4. The soluble solid was converted to an
SiC composition by pyrolysis to 1200°C under Ar atmosphere at
atmospheric pressure. X-ray diffraction confirmed conversion to
3-SiC. This example confirms that the branching introduced by
MeSiCl3 is needed for conversion to SiC when compared to the linear
polycarbosilane of the above experiment.
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Reaction of 0.5/1/1 Me,SiC1l/C1CH SiMe2C1/CH9=CHSiMeC12 With K in THF

3 2

The standard procedure was repeated using 32.6 g (0.83
mol) of K metal, 210.8 g of anhydrous THF, and a mixture of 2.6 g
(0.09 mol) of Me3SiC1, 25.2 g (0.18 mol) of C1CHZSiMe2C1, and
24.8 g (0.18 mol) of CH2=CHSiMeC12.
polycarbosilane fluid, b.p. greater than 500/0.03 mm (20.4%), and

Workup yielded 6.4 g soluble

19.7 g (62.4%) of soluble solid polycarbosilane with no insoluble
solid polycarbosilane. The soluble solid yielded an SiC
composition on pyrolysis under Ar at atmospheric pressure.

Reaction of 3/1.2 ClCHZSiMeZC]./CH2=CHSiMeC12 With K in THF

The standard procedure was used with 50.0 g (1.28 mol)
of K metal, 800 g of anhydrous THF, and a mixture of 57.9 g (0.405
mol) of ClCHZSiMeZCI and 22.8 g (0.162 mol) of CH2=CHSiMeC12.
Workup yielded 17.7 g (43.7%) of soluble polycarbosilane fluid and
20.2 g (49.9%) of soft soluble solid polycarbosilane. The molar
functionality F was 2.57. The solid was pyrolyzed to an SiC
composition under Ar atmosphere at atmospheric pressure. This
example demonstrates that polysilmethylenes which are branched due
to incorporation of CH2=CHSiMeC12-derived units do yield SiC on

pyrolysis while linear polysilmethylenes (see above) do not.

The soluble solid and fluid were analyzed by gel
permeation chromatography (Trichloroethylene solvent, inirared
detector set at 9.5 or 9.6 u). The GPC scans and infrared scan of
the soluble so0lid are shown in Figures 5 and 6. The GPC baseline
numbers are elution volumes which do not translate into accurate
molecular weights since there are no GPC standards for these
materials. The GPC scans will be useful '"fingerprint' analyses
for relating performance vs molecular weight trends.
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FUNCTIONALITY VALUES FOR ORGANOSILANE MONOMERS

IN FORMATION OF POLYCARBOSILANES(a)

Monomer Formula
Trimethylchlorosilane Me,SiCl
Dimethyldichlorosilane- MeZSiCI2
Methyltrichloresilaae .- MeSiCl,
Tetrachlorosilane - . - SiCl, .
Chloromethyltrizmethylsilane. . - Me,SiCH,CL .
Bis(chloromethyl)dimethylsilane Mezsi(CEZCI)2
Tris(chloromethyl)methylsilane ‘MéSi(CHZC1)3
*Tetrakis(chloromethyl)silane: Si(CEZCI)4 o
Chloromethyldzmethylchlorosilane ClCHZSiMeZC}.
Bis(chloromethyl)methylchlorosilane (CICHZ)ZSiMeC;*
Tris(chloromethyl)chlorosilane A(CICEé)ssiCI
Chloromethylmethyldichlcrosilane CICHZSiMe012
Bls(chloromethyl)dichlcr051lane (CICHz)zsiC12
Chlorcmethyltrichlorosilaneq ClCstiCIS
Vinyltrichlorosilane. . C32=CHS:LC13
Vinylmethyldichlorosilane - . C32=CHSiMeCIz~
Vinyldimethylchlorosilane . . CHZ=CBSiMeZC;
Vinyltrimethylsilane : CH,~CHSile,
Vinyldimgthylchlorometnyisilage_ .C32=CESiMe2CEzc1
*Bis(chloromethyl)vinylmethylsilane CEZ-CHSiMe(CHZC1)2
*Vinyltris(chloromethyl)silane : : C32=CHSi(CHZCl)3

*Bis(chloromethyl)vinylchlorosilane CH’ZSCHS:'.C'.L(CHZCI.)2
Chloromethylvinyldichlorosilane: CHZ=CHSiC12052C1
Chloromethylvinylmethylchlorosilane CH2=CHSiMeCICHZCI

*"Paper" "examples - unknown in open literature.

(a) Note that vinylic silanes can add an additiomal unit of
functionality in higher temperature reactions

(see Ref. 12).
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FIGURE 1

MASS SPECTRUM OF CH,=CHSiMe(SiMe
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FIGURE 2

MASS SPECTRUM OF (CH2=CHSiMeSiMe3)2
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FIGURE 3

X-Ray Ditrraction Scan of
Typical $iC Composition
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FIGURE 5

GEL PERMEATION CHROMATOGRAPHY OF LIQUID AND SOLID FRACTIONS OF

POLYCARBOSILANE PREPARED FROM 3/1.2 ClCstiMe2C1/CH2=CHSiMeC1
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Analyses were run at 6 wt-% concentration: .n trichloroethylene

solvent on a custom-built low-pressure instrument using infrared
detection at 9.5 or 9.6 3.
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FIGURE 6

INFRARED SCAN OF SOLUBLE SOLID POLYCARBOSILANE

CHSiMeCl2

4

SiMe,C1/CH,

2

2 C1lCH

PREPARED FROM 3/1.

N
=
]
-

Pl () (o] o o j) (@]
o] (o

NOISSIWSNYHL 1N3D¥3d

2000,

3000

NOISSIWSNVIYL IN3ID¥I4




TECHNICAL REPORT DISTRILUTION LIST, GEX

Office of Naval Research
Attn:  Code 472  tr—twersppet
800 North Quincy Street '
arlington, Virginia 22217

ONR 3ranch Oifice

Atta: Dr. George Sandoz
536 S. Clark Street
Chicago, Illinois 60605
ONR Area Office

Attn: Scilentific Dept.
715 Broadway

New York, New York 10003

OXR Western Regional Office
1030 East Green Street
Pasadena, Califormia 91106

ONR Zastern/Central Regional Office
Attn: Dr. L. H. Peebles

Building 114, Section D

666 Summer Street .

Boston, Massachusetts 02210

Director, Naval Research Laboratory
Attn: Code 6100
Washington, D.C. 20390
The Assistant Secretary
of the Navy (RE&S)
Departoent of the Navy
Room 4E736, Pentagon
washington, D.C. 20350

Cocmander, Kaval Air Systems Command
Attn: Code 310C (H. Rosenwasser)
Department of the Navy

Washington, D.C. 20360

Defense Technical Information Center
Building 5, Cameron Station
Alexandria, Virginia 22314

Dr. Tred Saalfeld

Chenoistry Division, Code 6100
Xaval Research Laboratory
Washington, D.C. 20375

No.

CoETés

472:GAn:716:¢dc

78uL72-608

a0,

12

U.S. Araoy Research QOffice
Attn: CRD-AA-IP

F.0. Box 1211

Research Triangle Park, N.C. 27709
Naval Ocean Systecs Center

Attn: Mr. Joe McCartney

San Diego, Califormnia 92152

Naval Weapous Center

Attn: Dr. A. B. Anoster,
Cheaistry Division

China Lake, Czlifornia 93555

Naval Civil Engineering Laboratory
Attn: Dr. R. W. Drisko
Port Huenume, Califormia 93401

Department of Physics & Chemistry
Naval Postgraduate School
Mounterey, California 93940

Dr. A. L. Slafkosky

Scientific Advisor

Comaandant of the Marine Corps
(Code RD-1)

Washington, D.C. 20380

Office of Naval Research

Attn: Dr. Richard S. Miller

800 N. Quincy Street

Arlington, Virginia 22217

Naval Ship Research and Developrent
Center

Attn: Dr. G. Bosmajianm, Applied
Chemistry Division

Annapolis, Maryland 21401

Naval Ocean Systeas Cemter

Attn: Dr. S. Yamamoto, Marine
Sciences Division

San Diego, Califormia 91232

Mr. John Boyle

Materials Branch

Naval Ship Engineering Center
Philadelphia, Penusylvania 19112

Copies

- il




il
- !
72-3/A6 472:04:716:¢d¢8¢
- 78u472-6028 .
\
TECHNICAL PEPORT DISTRIBUTICN LIST, 356B
!
No. XNo. i
CoBTEs : Coéfég
Dr. C. L. Schilline Douglas Aircraft Cocpany
Union i Atta: Technical Library '
Chemical ag3 i Cl 290/36-84
Tarry e ACTO-Sutton
Tg~ytown, New York 1 3855 Lakewood Boulevard
Long Beach, Californmia 90846 1
Dr. R. Soulen f
Contract Research Department NASA-Lewis Research Center
J Pennwalt Corporation Attn: Dr. T. T. Serafini, MS 46-1
900 First Avenue 21000 Brookpark Road
King of Prussia, Pennsylvania 19406 1 Cleveland, Ohio 44135 1
)
Dr. A. G. MacDiarmid Dr. J. Griffith j
University of Pennsylvania Naval Research Laboratory -
Department of Chemistry Chezistry Section, Code 6120 '1
Philadelphia, Pennsylvania 19174 1 Washington, D.C. 20375 1
Dr. C. Pittman Pr. G. Goodman
University of Alabama Globe~Union Incorporated
Department of Chealstry 5757 North Greer Bay Avenue
University, Alabama 35486 1 Milwaukee, Wisconsin 53201 1
* Dr. H. Allcock Dr. E. Fischer, Code 2853
Pennsylvania State University Naval Ship Research and
Department of Chemistry Development Center
University Park, Pennsylvania 16802 1 Annapolis Division
- Annapolis, Maryland 21402 1 !
3 Dr. M. Kemney ‘
2 Case~Western University Dr. Martin BE. Xaufwman, Head 4
i Department of Chemistry Materials Research Branch (Code 4542)
o Cleveland, Ohio 44106 1 Maval Weapons Center
China Lake, California 93555 1
Dr. R. Lenz
University of Massachusetts Dr. J. Magill
Department of Chemistry University of Pittsburg
Amherst, Massachusetts 01002 1 Metallurgical and Materials
Engineering 5
Dr. M. David Curtis Pirtsburg, Peansylvania 22230 1 .
University of Michigan !
Department of Chemistry Dr. C. Allen
Ann Ardor, Michigan 48105 1 University of Vermont |
Department of Cheaistry i
Dr. M. Good Burlington, Vermont 05401 1
Pivision of Engineering Research
Louisiana State University Cr. D. Bergbreiter
Baton Rouge, Louisiana 70803 1 Texas A&M University

Department of Checistry
College Station, Texas 77843

)




472-3/A8 472:GAN:716:24de
78u472-608

TECHNICAL RIPCRT DrgTarsyTion LIST, 3568

Professor R. Drago

Department of Cheaistry

University of Illinois

Urbana, Illinois 61801 1

Dr. F. Brinkman
Chemical Stability & Corrosion
Division
Department of Commerce
Nazional Buresau of Standards
Washington, D.C. 20234 1

Professor H. A. Titus

Department of Electrical Engineering
Naval Postgraduate School

Monterey, California 93940 1

COL R. W. Bowles, Code 100%

Office of Naval Research

800 N. Quincy Street

Arlington, Virginia 22217 1

Professor T. Katz

Departament of Chemistry

Columbia University

New York, New York 10027 1

Professor James Chien

Department of Chemistry

University of Massachusetts

Amherst, Massachusetts 01002 1

Professor Malcolm B. Polk

Department of Chemistry

Atlanta University

Atlanta, Georgia 30314 1

Mr. Alfred M. Anzalone

ARRADCOM

Building 3401

Plastics Technical Evaluation Center
Dover, New Jersey 07801 1

"~




