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NEW CATALYTIC ROUTES TO PRECERANMIC POLYMERS: i,
CERAMIC PRECURSORS TO SILICON NITRIDE AND SILICON-CARBIDE NITRIDE N )
%]
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R. CRONIN, and GILBi:RT G.A. 3BALAVOINET EEET
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ABSTRACT. o
:,
e
o
Pyrolvses of a set of silicon and nitrogen substituted polysilazanes arc conducted under a >
set of standard conditions (5°C/min to 900°C in a mtrogen atmosphere). The apparent ceramic |
compositions and ccramic viclds for pyrolvzed samples of the polvsilazancs -[Ph(TT)SINT,-, )
Ce3(TDSINH] (-, -[Me(IDSINTH -, and -[1158iNMc], - are determined. Preliminary conclu- l:
sions concerning structurc/reactivity relationships arc discussed bascd on the pyrolysis results. '
by,
o
e
v
INTRODUCTION 3
y
. LSt
\ 4
\\"Thc potential utility of organometallic oligomers and polvmers as low temperature precur- 5
. . . . . N l')
sors to advanced ceramic matcrials has recently gencrated considerable interest {1 in the "
synthesis of preceramics for numcrous matcerials including silicon carhidc/ (SiC) 12, 3],silicon ',
nitride (Si3Na), (3,4] aluminum nitride (AIN) [Sl,and boron nitride (BN) {6, 7]-as well as '
precursors for many o[' the refractory mectals (cg wC lS] TiC [91, TiN [10]) and high T, :
N
~ ¢ * ceramic superconductors, (. R X
As with any ncw area of rescarch, much of the work published to dite has been Fdisonian -‘;;
in naturc. Because so little is known about the high temperature reaction chemistry of ;:
organomctallics, it has not been possible to develop genceral principles for the design and :‘,
. ) . . : . ) . . ) ‘ ey
synthesis of preccramics or for their sclective pyrolvtic transtormation into high purity, high ;
(icrlsit}', defect-free ceramic materials. Indeed, the very delinition of “high temperature” has ::,:
..U bhcen discussed. occause we observe “chemical reactivity” (c.e.. volution of Jdiscrete mo- )
lecular speies other than i, dunng the decomposition of preceramics in the range of '
200-800°C", we usc this range to define the “hiph temperature” chemistry regime. o
. o 2
A numbcer of notable problems consistently arise i the search for a uscful precursor to a $
given material. These problems include the need for: (1) a clean svnthetic approach; (2) high \
ceramic vield; and (3) high sclectivity to the target ccramic. The need for high ccramic vicld ’
L]
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and high sclectivity place considerable constraints on the types of svnthetic approaches that S
can be uscd. &E
tligh ceramic vicld is desirable because most precursors have relatively low densities (tvp- o
ically 1-2g/cc) compared with the resultant ceramic products (Si3Ng or SiC = 3.2 g/cc). Thus, ot
cven if all of the precursor were transformed into ccramic product, a volume change of 60-70% » :::
would be required to obtain a fully dense SiC or SiziNg ceramic product. [f 50% of the mass o
of the preccramic were to be lost during pyrolysis, then the volume change to fully dense
matcrial could be 80-85%. These types of volume changes constrain the uses of preccramics ) =
to coating, fiber, and binder applications, where volume changze is less important than what is \:}’
required to form near-nct shape, fully dense, three-dimensional picces. ﬁn'f‘
Yt
Low ccramic yiclds frequently result because the preeeramic contains excessive amounts ::
of cxtrancous ligands originally incorporated to provide tractability or stability to the ‘;‘
organometallic. Efforts to reduce the number of extrancous ligands to improve the ceramic ":'.."
yicld frequently result in a preceramic that is air and/or moisture sensitive or thermally labile. .:!::
These parameters crecate the need for high vield, “clean” synthctic routes to preceramics, because :::,:
the greater the effort required to purify a rcactive preceramic, the more opportunity to incor- .':
porate additional impuritics. Reaction 1 illustrates onc of the standard routes to polysilazanc -?.\.—
precursors to SiaNa. :"
F,0 1~ 78°C o

MellSiCly + 3N, —p 2N CL+ = [Mce(INSiINTH, = (n

In this reaction, it is nccessary to separate onc mole of preceramic product {rom two moles of

ammonium chloride. This reaction can be considered to be o “dirtv” svnthetic route because

of the separation problems involved. Recaction (2), a dchvdrocoupling reaction, illustrates a

PEL L@ NS
> Sl

cleancer synthcetic approach to polyvsilazanc syntheais because the only byv-product, 4, is a gas
that can be removed readily.

Ay
Ko o

A
RySilly + R'NIL, <SS 1+ 11 = (R,SINRY), = I ) N

A number of groups have now developed synthetic routes to preccramic compounds that are ':)'

foundcd on the elimination of a volatile by-product such as 112 [12], Cll4 [5], RNHj; [10, 14], A

Me3SiCl [3,6]. This approach represents a uscful solution to the problem of purification of "jll
3

labiic vrganometallic precursors. Ny

vy . . - . . T Y,
The problems of cstablishing what design parameters control sclectivity to specific ceramic #—i

products has received much less attention, This is in part due to the lack of knowledge about . - ':
the high temperature reaction chenustry of organomctallics and in part becausc very few 0 EV'
investigations have consiaered the cifects of precnrear ctrnetire an precursor reactivity and —A
<electivity to ceramic products. The object o *he work reported here represents initial studics %
on structure:reactivity patterns for a select set of sihee vard nitrogen-substituted polvsilizancs. o ..‘
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RESULTS AND DISCUSSION

Table 1 lists typical ceramic yields and ceramic products for a sct of structurally reated
polysilazanes pyrolvzed to 900°C under nitrogen at a 5°C/min heating rate, cxcept for the
I1,SiNMec polysilazanes, which were heated at 0.57C/min. We [ind no differences in ceramic
yicld when heating rates are varicd between 0.5°C and 10°C/min. The compositions arc calcu-
lated using nitrogen content as the limiting clemental quantity, except in the case of the
[12SiNMe polysilazane where silicon is used.

Table 1. Ceramic Yiclds and Apparent Ceramic Composition for a Scries of Si and N Substituted
Polysilazances Following Pyrolysis to 900°C Under N, at a Ieating Rate of 5°C/min

Compound Ceramic Apparent Ceramic Composition®
Yicld SiiNg SiC C(x’s) N(x's)
(%) %% %% % Yo
-[Ph(IT or NIDSINTI] - 61 29 12 42 -
[CelT (1T or NIDSINTI - 35 major
product
AMCIISINH, — [McSiNJ,-° 85 63 29 4 -
[Me(IT or NIDSINH] - 57 64 25 10 -
[TLSINMe] JHIENMe)SIN MM - 63 7S -- 18 6

TAll compositions arc calculated based on the chemical analvses of the ceramic products. Because
all the 900°C products are amorphous, these values mav not actually represent the true ceramice
coOmpositions.

PBased on the work of Sevferth and Wiseman |44 The actual preceramic has crosslinks between
polymer chains. These crosslinks take the form of 1 3-dinsa-23-alacvclobntane rings. A typical

analysis found for a ceramic product 1s 59.52% 81, 260770 N, 128770 O [4e],

The results shown in Table 1 permit us to make some general observations concerning
structurc and reactivity. For example, the hexyl and phenyl polysilazane data permit a com-
parison of the effects of unsaturation and cxcess mass (in the preccramic) on the ceramic yicld
and composition. Excess is defined in terms of the ceramic yicld cxpected if the only pyrolysis
product is silicon nitride and/or SiC.

The silicon nitride ceramic yicld expected for both the phenyl and hexyl polysilazancs is
approximately 30%. We do obscerve a ceramic vicld of ca. 357 for the hexvl polysilazanc;
however, pyrolysis of the phenyl silazane gives a 604" ceranie vield, Chemical analvsis of
the ceramic product from the hexyl polvsilazane indicates that 1t is mainly $SiiNy with some
carbon; wherens, the phenyvl dervative results oo coranue contamimg 295 StaNyg, 129 SiC

and 04+ carbon.

Wiy do the hexvl polvalazane ceramic vickd and compoaton differ so much {rom the
phenyvl polvsilazane?  We suspect that the heavl polvmer has an accessible decomposition

pathwayv, f-climination as shown below, which s not avilable to the phenyl polvsilazane.
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R A . \/\/ (3) A
NH(H)Si > NH(H)SiH + J i
/ :|
: : . X
This would explain the very low carbon content observed in the hexyl pyrolvsis product and 'l!
the high rclative vield of silicon nitride. The high carbon content found with the phenvi "
polysilazanc indicates that the phenyl group is incorporated into the intermediate phasce during 11!
heating rather than being cjected as a consequence of Si-phenvl bond homolyvsis or heterolvsis. 2
. .. . . . b
One obscrvation, suggested by the composition of the phenvl polvsilazane ceramic product, e
concerns the cffects of initial elemental stoichiometry on sclectivity to ceramic product. [f both ;
polysilazanes arc entircly lincar, the Si:N stoichiomctry in both polvsitazancs will be L:1. 1 all
of the silicon is converted to SizNg, then the optimal SitN stoichiometry should be closer to .‘
0.75:1.0 to support the 3:4 stoichiometry required (or silicon nitride: assuming all of the silicon ':q;
and nitrogen in the precursor arc incorporated in the final ccramic product. If there is insuf- 'l:
. . - . : .
ficient nitrogen to balance the silicon in the preceramic, as would be the case for a [:l .::
stoichiometry, then the silicon is available to form free silicon metal or silicon carbide in the
ccramic pyrolysis product. If it were to form SiC, based on the stoichiometry arguments, the ‘
ratio of SiC to Si3Ng in the phenyl polysilazane ceramic praduct would be 1:3. Table 1 shows A
. q
that the ratio is approximately 1:3 (1224:29%), suggesting that there is somce eflect of precursor et
stoichiometry on sclectivity to specific ceramic products. More work will be required to quantify '
these cffects; however, this idea receives further support [rom a comparison of the two types Y
of MeSi polysilazanes (sce below). EJ’
| W
The hexyl and phenyl polvsilazanes used in the pyrolves ctudies hsted in Table 1 were oo
preparced under very mild conditions as shown in reactions (4) and (3), using a new method of :
catalyst preparation wherein the Ruz(CO)yz is first heated with the silanc prior to reaction ¥
with ammonia [15]. ?‘C:
b
. 20°C /"Ru Cat” . . 3
PhSill; + N, = I, + - [l’h(ll)Sx.\'Il]leh(NlI)SnNH]y - (4) ¢
20°C /”Ru Cat” °
. 2 [”Ru . ;
nC, I, 3Sill3 + NHj w 11, + — [Cl5(TT or NIT)SiNH], — (5 '_:
g
Table 2 contains the ceramic yiclds and compositions obtaincd from the pyrolysis of a sct ‘4
of Mc(I11)SiNII polysilazancs. Comparison of this data with the ceramic yicld and composition iy
obtaincd from pyrolysis of the MclISINFIMeSIN polvsitazane prepared by Sevlerth and Y
Wiscman [dh, ¢], rcaction (6), reveals no significant JdifTerences. :'::
Y
A
[ ]
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Table 2. Ceramic Vields and Apparent Ceramic Compaosition for a Series of Me(!hSiNT

[y { ]
; . e . . el ¢
x. Polysilazanes Pollowine Pyrolvsis to 900°C under Ny at a Tleating Rate of 3°Cnun. :
; Mol Wi, Coramic C N i Si SNy i@ C ::
' . . " n/s

‘ (VPO.1)) Yield " 4 %% “h b d !
y

0
iRt

a5l 19 18.28 23.63 1.00
546 X2 17.04 25.88 0.93 S6.02 38 243 98 ‘g‘
1635 35 17.35 24.49 0.94 S0.67 61.3 19.6 114 3
-- 40 17.00 25.90 0.76 S6.43 4R 250 9.6

-- 57 17.16 23.67 1.03 52.25 593 238 10.0 o

-

A t
; ;
o TAll compositions are calculated based on the chemical analyses of the ceramic products. Becausce !
b . ¢
, all the 900°C products are amorphous, the assigned values may not actually represent the true l:t

0OG
]

ccramic compositions. I

-[11e(H)SiNH]4- T5KH 5 Hy 4 (6)

Me

e .

e :
‘\\’/AH—-as.ﬁ\N \A/rH Si

-, | |

—N S je———0N

ot o S B e

o

The Mc(H)SIiNIT polymers used to obtain the data in Table 2 were prepared first by
rcaction (1), which actually produces an  oligomeric  species  of  the tvpe
FN-(Me(IDSINTIMe(NIDy sSINTT,-TT followed by heating in the presence of Ruy(COYa to

S S A 4
* 4 “'r

It
LI

3 promotc chain growth and gelation via a condensation reactzon of the tvpe shown in reaction -~
s !

- ~
; (7): "y
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TN Me(IT or NHIDSINT -1 A07C Ry ('m» NI, + "

:-"

—[Mc(ll)Six\’llI‘[.\Ic(n\’lI)Si.\'ll]y - (7 _"“

’

We have previously suggested [14, 16] that treating oligomeric polysilazancs containing .'g
Si-11 bonds and N-IT bonds with a ruthenium-based catalvst resuits in chain cxtension and __
gelation via dehvdrocoupling reactions as exemplified by reaction (2). We now belicve that o,
reaction (7) mav take precedence over rcactions similar to (2) in the chain extension of this u
particular polymer [15]. Ry
Ny

Table 3 contains the ceramic yicld and composition data resulting from the pyrolysis of a tj'

sct of 113SiNMe polysilazancs. Comparison of the MeclISiNIT polysilazane pyrolysis results :';

with thosc from the 1,SiNMe polysilazanes ofTers the novel opportunity to asscss the cifects :
of structural isomerism on ceramic vield and composition. ':
3
Table 3. Ceramic Yields and Apparent Ceramic Composition® for a Series of H,SiNMe ':
Polysilazanes Following DPyrolysis to 900°C under N, at a Heating Rate of 0.5°C/min. W
Mol Wt, Ceramic C N 1 Si S1yNy N C g
(GPCP.D)y Yield A % % % o, %% % e
% 3
$00 40 18.89 3544 088  451R 75 5 19 P-;

1200 45-50 18.46 33.97 1.03 4491 75 0 18

1700 39-45 19.00 3587 0.52 4364 73 7 19 ::f
2300 60-63 1799 3360 112 4A62 "3 3 IR i
“All compositions are caleulated based on the chemical analyses of the ceramic products. Because -:'

all the 900°C products arc amorphous. the assigned values may not actually represent the true g
ceramic compositions. r;-.«
®My measured by gel permeation chromatography using polystyrene standards calibrated against : ¢
VIO results. O
L

The ceramic yields for polymers of about thc same M, arc roughly the same for both b
isomers. Morcover, the major product in both instances is silicon nitride. The key differences :'-;
arisc in the other products formed. In the case of the I13SiNMec polysilazane, we obscrve only "}.
the formation of excess carbon and nitrogen, whercas, the MclISiNII polysilazanc appears to ]
form SiC and somce excess carbon but no cxcess nitrogen (some hvdrogen, approximately 1945, .
is also present in both svsiems). 4
The fact that S1C s observed i one svetem and not the other suggests that the SiC must :::

¢ o

form carly in the decomposition pracess; otherwise, we would expect ta observe its formation ::'
in both svstems. That i these results sugpest that SiaNyg, or its amorphous precursor, mav be ':
resintant to reaction with free carbon durimg the pyrofvas processt otherwise, we would expect A
to observe the formation of SiC m the THSiINMe pyrolvas product. This conclusion again ';
cupports the copjecture that SNy mav be thermodynamicilly more stable than SiC under the 'E:
pyrolvsis conditions. Finally, the formation of SiC from pyrolvsis of the MelISiNI polysilazanc ':‘:
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and not from pyrolysis of the TISINMe polvsilazane suggests that SiC st arise as a direct
result of the Si-C" bond in the MceIISiNII precursor.
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