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NEW CATALYTIC ROUTES TO PRECERAMIC POLMERS:

CERAMIC PRECURSORS TO SILICON NITRIDE AND SII.ICON-CARBIDE NITRIDE

KAY A. YOUNGI)AIIL, RICIIARI) NI. I.AINIF,* RI('IARD A. KIENNISI, lTRRINCE

R. CRONIN, and GILB1-RT (.A. iIALAVOINI.t

)epartment of Materials Science and 1-.ngineering, and

The Polymeric Materials Laboratory of the Washington Tcchnology Center,

University of Washington, Seattle, WA 98195 and

tInstitut de Chimie Moleculaire D'Orsay, Universit6 de Plaris-Sud, Paris, France

ABSTRACT.

Pyrolyses of a set of silicon and nitrogen substituted polvsilazanes are conducted under a

set of standard conditions (50C,/mln to 900C in a nitrogen atmosphere). Vhe apparent ceramic

compositions and ceramic yields for pyrolV7ed samples of the polysila>anets -jPh(l I)SiNI I,-,

-[C(,I I13(1 l)SiNI l1r-, -[Me(I I)SiNl lIj-, and -I I2 SiNMe1r- are dIcI mi.ed. Preliminary conclu-
sions concerning structure/reactivity relationships are discussed based on the pyrolysis results. S
INTRODUCTION

ie potential utility of organometallic oligomcrs and polvnmcrs as low temperature precur-

sors to advanced ceramic materials has recently generated considerable interest .f1" in the

synthesis of preceramics for numerous materials including silicon carbide (SiC) 12, 31,0silicon

nitride (Si 3 N4 ), [3,4].aluminum nitride (AIN) 151and boron nitride .(BN) 16,7].as well as

precursors for many of the refractory mctals (c.g., WC 181, TiC 191, TiN 1101) and high Tc

- ceramic supcrconductors t " ' -

As with any new area of research, much ofthe work published to date has been [disonian
in nature. Because so little is known1 about the high temperature reaction chemistry of

organometallics, it has not been possihlc to dcvclop .gcracral prtinciplcs Ior the design and

s yn thesis of preceramics or for their selective pyrol\tic trani )itnatlion into ilh purity, high

dcnsity, dcf ect-free ceramic materias. Inldced, the very ,Icllnition of' "high temperature" has
t. .t been discu ssed. ,,ecause wc observe "chemical reactivitv" (e. L.. *'olution of, discrete mo- N
lecular sF, ic., uihcr diarli ll, li ing the decomnpositioin of' trcceratilics it  the range of
200-SOWC, we use this range to deline the 'lih telperaturo" chenlistrv reeim'e.

A nunbcr of notable problems conist entlv arise in the search fIr a useful precursor to a
given niaterial. These problcn itclude the need for: (I) a clean synthetic approach; (2) high

ceramic yield. and (3) high sclcctivitv to the target ceramic. The need for high ceramic yield
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and high selectivity place considerable constraints on the types of synthetic approaches that

can be used.

I ligh ceramic yield is desirable because most precursors have relatively low densities (t:,p-

ically l-2g/cc) compared with the resultant ceramic products (Si3N4 or SiC - 3.2 g!cc). Thus. S

even if all of the precursor were transformed into ceramic product, a volume change of-60-70%

Would be required to obtain a fully dense SiC or Si3N4 ceramic product. If 50% of the mass

of the preceramic were to be lost during pyrolysis, then the volutme change to fully dense

material could be 80-85%. These types of volume changes constrain the uses of preceramics

to coating, fiber, and binder applications, where volume change is less important than what is

required to form near-net shape, fully dense, three-dimensional pieces.

Low ceramic yields frequently result because the preceramic contains excessive amounts
of extraneous ligands originally incorporated to provide tractability or stability to the

organometallic. Efforts to reduce the number of extraneous ligands to improve the ceramic
yield frequently result in a preceramic that is air and'or moisture sensitive or thermally labile.

These parameters create the need for high yield, "'clean" synthetic routes to preceramics, because

the greater the effort required to purify a reactive preceramic. the more opportunity to incor-

porate additional impurities. Reaction I illustrates one of the standard routes to polysilazanc 

precursors to Si3N4.

Et,O/ - 78C
AeISiCI, + 3NI13  - 2,Vl 4C1 ±-- I[.1h(I)SiN11 - (I)

In this reaction, it is necessary to separate one mole of preccramic product from two moles of'

ammonium chloride. This reaction can be considered to be a dirty synthetic route because

of the separation problems involved. Reaction (2), a dchvdriocoipline reaction, illustrates a

cleaner synthetic approach to polysilazane synthesis because the ouh by-product, 112, is a gas

that can be removed readily.

catalyst
R2 Si 2 + R'N112  112 + 11 - I ?2 SiNIR', - 1 (2)

A number of groups have now developed synthetic routes to preceramic compounds that are

founded on the elimination of a volatile by-product such as 112 1121, CI1 4 [5], RN12 [10, 14], %

Me 3SiCl 13, 6]. This approach represents a useful solution to the problem of purification of

labile organometallic precursors.

The problems of establishing what design parameters control selectivity to specific ceramic

products has received much less attention. This is in rvirt due to the lack of knowledge about

the high temperature reaction chemistry of oreanoictallics and in part because very f66 ,l

investications have coy.siuOrcd the c I\cts of ;irz',!r ,  r,. ,' precursor reactivity andI

velectivitv to ceramic products. The object f "ic work rcprn ted here represents initial studies

on ;tructure. reactivitv patterns fur a qelect set of silice I n( nitr1c I n-substituted polysilazanes.
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RESULTS AND D)ISCUSSION

Table I lists tpclermcyields adccrarn-ic produicts for at set Of structurally rc'.ated
polysilazanes pyrol%7Cd to 900'C under nitrogen at a 5N(',ii heating rate, C.c ept ror thC

IISN cplsilazanes, which were heated at 0.5'C/int. We find no differences inceramic
yield when heating rates ire variedl between 0.5 (C and I O'mljn. Ilhc comlpos"*itinlreclu

lated usli, nlitrogeni content as the limiting celmentallqativ except inthe casc; of' the

I I2SINMe polvsila7ane where silicon is used.

Table 1. Ceramic Yields and A~pparent Ceramnic Composit ion for a Series of Si and N Substituted

Polysilazanecs Following lPvrolvsis to 9(l(C U nder N-) at a Ilicatiog Rate of 5'CI~iln

Comipound Ceramiic Apparent ( eralne Comlposit ion"

Yield Si. IN4 S iC CWxS) N(x's)

(%) 0 0%

-ll1lr(l I or NI l)SiNI lj,- 61 29 12 42 -

K' 6111,10( I or NI l)SiN I l,- 35 Major
p roduct

-lNlel1SINIl1, - INICSiNly- b S 529 4 -

-c(Ior NII)SiNIl 5l- 57 64 25 10

-Pl 12SiNNIeI5II l(NNIe)Si NN~ 63 75 - X6
aAll compositions are calculated based[ on the chemical aoalvses of' tire ceramilc products. Because

all the Q00WC products are amorphous, teeValueCs mlay. Tlot act tall v. rerre,<eu thle true ceramnic
co inpositionls.

hBlased on the work of Seyferrli and WVisemn 141,1. 1 he auctual 11r,-crmic has, crosslinks between

polymrer chains. 'Ihese crosslinks take the, forml of I-li,'-2-lt'.ibmae ie.A t% pical
analysiVs' founid for a ceramnic product is5Q.52' , Si, 26.07? .2.,

Thle results shown in Table I permit us to make some general observations concerning%
structure and reactivity. For example, thle hexvl- and phentvl polysilazane data permit a corn-

parison of the effects of unsaturation and excess mass (in thle prceramic) on the ceramic yield
and composition. Excess is definecd in terms of thle ceramic yield expectcd if the only pyrolysis
product is silicon nitride and/or SiC.

The silicon nitride ceramic yield expected for both the phecnvl and liexyi polysilazanes is
approximately 30%//. We do observe a ceramic N-ield of' ca. 35", fo the hexv1l polysilazanle;

hlowver, pyrolysis of- thle phentyl silalalle gises; a i) Cr ~C\iil heia nlsso

thle ceramic product Fromi thle lex%l polysilaiame rhhk ies1c tha:t it 1s,; iiiy iA with somel

1.trborn: whecrvo-. the pImen\1 Lirivatis e resttlts to a:1~m~ ri~rt 29"'. S13N 4, I 2 Si(;
and( 40) 1- "',carbon.

'AV(i0 thle hcxl pociaaeceramic \ meld !rtd Connposttmoo)J liflfr so mtuch IFrom thre

rhenl plviiaic We suspect hlat the !hev'l pob trier has mn accessilei decomlpositionl

P:ith\V;I\'1, i-limrrIr'ltloll as dlro'.vt below. %iricit Is riot ;tva1llhc to thre pirenyl polvsilaiatie.



H

NH(H)Si & NH(H)SiH + 3

This would explain the very low carbon content observed in the hcxyl pyrolysis product and
the high relative yield of silicon nitride. The high carbon content found with the phenyi
polysilazane indicates that the phenyl group is incorporated into the intermediate phase during

heating rather than being ejected as a consequence of Si-phcnyl bond honolysis or hcterolvsis.

One observation, suggested by the composition of the phenyl polvsilazanc ccramic product.
concerns the effects of initial elemental stoichiomctry on selectivity to ceramic product. If both

polysilazanes arc entirely linear, the Si:N stoichiometrv in both polysilazanes will be 1:1. If all
of the silicon is converted to Si3N 4 , then the optimal Si:N stoichionietrv should be closer to
0.75:1.0 to support the 3:4 stoichiometry required for silicon nitride: assuming all of the silicon

and nitrogen in the precursor are incorporated in the Inal ceramic product. If there is insuf-
ficient nitrogen to balance the silicon in the preceramic. as would be the case for a 1:1
stoichiometry, then the silicon is available to form free silicon metal or silicon carbide in the

ceramic pyrolysis product. If it were to form SiC, based on the stoichiometrv arguments, the

ratio of SiC to Si3N4 in the phenyl polvsilazane ceramic product would be 1:3. Table I shows

that the ratio is approximately 1:3 (12%:29%), suggesting that there is some effect of precursor

stoichiometry on selectivity to specific ceramic products. More work will be required to quantify
these effects,; however, this idea receives Further ;uppoit from a complrison of' the two types
of' MeSi polysilazanes (see below).

The hexvl and phenyl polysilazanes used in the pyrolfiq tudics listed in Table I were

prepared under very mild conditions as shown in rcactions (4) and (5), usine a new method of
catalyst preparation wherein the Ru 3(CO) 1 2 is first heated with the silanc prior to reaction
with ammonia [151.

PhSiIl 3 + NIl 3 20NC/"Ru Cat" 112 + - [Ih(l l)SiNIllxIllh(NlI)SiNilly - (4)

nC 16H1 3SiH 3 + N1H3 201C1"Ru Cat" 112 + - [C61113(I or NlI)SiNlt]x - (5)

Table 2 contains the ceramic yields and compositions obtained from the pyrolysis of a set
of Mc(I I)SiNi I polysilazancs. Comparison of this (ata with the ceramic yield and composition -'

obtained from pyrolysis of the NelISiNll',IeS iN poly sila/a ne prepared Iv Sevferth and
\Viseman [41, c, reaction ( 6), reveals no significant diflfcrenceT.

5-



Table 2. Ceramic icl(s and \1,:arcnt ('cranic (C'mn oi nIon o( r a S.ries of M lI 11 1 11
Pllsila/anes I:olloiIn. Pyrolvis to Q()0( under N, at a I lvathnn ;itc of 5('.nit.

.\Iol.Wt. Ccrainic C N II SI SCN,

Y ie ld n ;, ,
0,I

351 19 11.2S 23.63 1.00 57.51 59.2 31.4 S S

546 32 17.04 25.88 0.93 5 6.02 64.9 24.3 Q. S

1635 35 17.35 24.49 0.4 50.07 6 1.3 p.) 11.4

-- 40 17.00 25.90 0.76 56.43 61.1 25 . 0.6

-- 57 17.16 23.67 1.03 52.25 59.3 23.8 10.)
aA, compositions are calculated based on the chemical analyses of the ceramic products. [iccausc

all the 900*C products are amorphous, the assigned values may not actually represent the true
ceramic compositions.

-[r,1e(H)SiNH] 4- 1°%KH > H2 + (6)

NMe H Me H
P.1e NH \S r.1 e \ 1 - ,/

S i N-! ie
-N S. i __'

r~l e/ m*e M ~:e

MMe

The Mc(II)SiNII polymers used to obtain the data in Table 2 were prepared first by
reaction (1), which actually produces an oligoncric species or the ty'pc -

I 2N- c( I I)SiNI II j %I e( N I ). 5 SiNl IV -II rollowed hy hCatin in the prsencC of R1u3( (O) 12 to
promote chain groth and celation via a comdcn arirt .;1)11 rlic t\pc ;hm\kn inT rcaction11
(7):

1 ~ -.. . . . . . . . .... .... ...... -. - -,U -



r *rh A .. V(X - - -a- . .. V.

11, -1 I (I o N l)Sl Iil,11 40,'C /"Ru- Cat,

- 1 \c(l l)SiN lj\Ie[I(NI I)SINI I~ Y- (7)

We have previously suggested 114, 161 that treating oligoincrie polvI %,Ila7antis containing1L

Si-I I bond- and N-I1 I onds wvith a ruthenium-based catalyst rcstilts in chain ex\tension, anld
gelation via dchydrocoupling reactions as exemiplified by reaction (2). We now believe that

recin(7) miav take prcedencc over reactions similar to (2) in hie chIn etnIo oftis

particular polymecr 1151.

Table 3 contains thle ceramic yield and composition data resulting from thle pv-rol% sis of a
set Of I I2SiNN~ polysilazanes. Comparison of thle Mel ISiNI I polysilazanec py-rolvsis results
with those from thle 1 I2SiNN~e polysilazancs oil-ers the novel Opportunity to assess thle efects
of structural isomerism on ceramic yield and compositionl.

Table 3. Ceramic Yields and Apparent Ceramnic Composition" for a Series of Il 2.SiN.Me
PohI si lazanecs Following Pyrolysis to 900'C under N, at a I leatini- Rate of' (.5C(7iniln.

NloI.wt. Ceramic C N II Si sil\N1  N C
((311:')D) Yield 0' 01n

0

St) 40 IS.SO 35.44 0.S 45.18 7 5 5 19

1200 45-50 M4A6 33.97 1.03 44,q 1 75 10 18
1700 39-45 19.09) 35.87 0.83 43.64 73 7 19

2300 6,0-63 17.9c) 33.60 1.12 40.62- 3 ISR

"AH ompsitonsare calculated based onl the chcmicital%,ses of tlie (eralinic products. Recausc
all1 thle 900'C products arc amnorphous. thle assigned values mnay not actnwifly represent thle true
ceramnic cotrpositions.

b% masured by gel permeation chromatography using polystyrene standIards calibrated against
VP() results.

The ceramic yields for polymers of about the same Mn arc roughly thc same for both
isomers. Moreover, the major product in both instances is silicon nitride. The key diffrernces
arise in the other products formed. In the case of the IT2SiNMec polysilazane, we observe only
th., formiation of excess carbon and nitrogen, whereas, the Mel cISiNIT INlyslazane appears to
form SIC and somne excess carbon but no excess nitrovcen (some h)Vdroueen, approximately I%

is also piresent inl both systems).

The fact that SIC is oliserved in onle cvstem and not thle othcr stiegests that thle Sic mullst

Form ca rlv itt thle decotopoqition pincc,,: 0 therwi-e. we wouildl expect to obse;rve its fornia tioln
inl bothl svqte11tis. [I It 1is. these rcsldts sieetthat Si M o its .irnorpltotis precursor, iiav be

Ii~itatnt to reaict ion wih ice carboni dutrilte the pyroivvts piocess:- otherwise., We wouild expect
to oberve thle foriition of' SI(C in the II ,Si\\e p\-rcilvsis produtct. I'llis Conclusion agalin

"I I pfls the coin)cct nr that Si ,N. may be llieriodvyou tic~i ly mote stable than S IC under thle
vovisCondititons., Iitallv. tlte ormiatin ol'SiC fromn pvrolvsis ol'thle Ne IiIIpoxsaan

I r lei~ .S'Ni pov'.~*'.%'.



and not from py rolysis of thte I I ,SIN Me polysil/afle ';1ggest s that N.' must ariw ais a1 (lit'('

result of ithe SI-C l'ai in tiwrt .1'1S'IX1l precurPsMr.

ACK(NOWLED)GM ENTS

Wec would like to thank Professor 13. lFichingcr of' the l)CPar Tt TIcIt of' (icnist r-v l'or making-

his vapor precssure osmorneter available for extensive usc. We gratcl'tilly acknowledge support

For this research From the Strategic Decfense Sciences Oflicc throtuh Ol11cc of' NavalA Rcscarch

C:ontracts N00014-S5-C-0668 and N00014-SS-C-xxxx.

REFERENCES

1. Inorganic and Org'anoictalic Polvimers, Am. (lenti. Soc. Svunp. Scr. V'ol. 360,. cdlited by
K. \%'-lne. M. Zeldin, and If. ,\llcock. (1988). pp. 124-1412.

2. Yajima. S., Shishido, '1.; Kayano, Ifl.; A'aure ( London), 264, 237 (1976).

3. -.- L egrow, 'F. F. Limn. .1 . I I p oNit7, 'IIId R S.1 RCa och I I, B(or ( 1ninu' 7/u1on'luQ1 ( en rY

11. edited by ( .J. Brinker, 1).1 . (Clark, and ). R. I'lIh ri Vafl /6's .vnl'w. 1")/. 73,

19S6), /p1. 553-558 andl rc/'crcnces therein.

4. a. 1). Sc\-Fcrtli, G.1 1. Wiseman, and (C. ]Prud'h onie. J1. , Imi. Cc( +r ' . 66, CI13 -C 14 (1983).

b. D. Scyfcrth and 3.11. Wiseman, 11mr. Clhem Soc. Pale. Div. l'rpz. 25, 10-12 (1984).

c. D. Scyferth in Transformation of Or-ganometalllcs into Common and Exotic Materials:

Designi and Activation, edited by R. M. !Lainc (NATO' AS! Ser. E: Appi. Sci. 141,

Martinus Nijhoff Pub!., Amsterdam, 1988) pp. 21.

5. .V. Interrante. I.E. C'arpenter II, C. W\hitnial-h. WV. Ic, V. (jmrbau~kas. and GIA.

Slack. Bletter ('eiunic' I'hvwiutJ ('Jg',i'rtii 11, cdi ctl ',, C1 I i i l c , I).1. Luk. md ). R.

("lIch (Mat. Rcs. S\ flip. Proc. \'al. 73. 10,140. )

I)% ( 'J. Brinkr.i DT.L ( lrk. ild ().RU.II lu. Po.. uuP roc. Vol. 73. 19W,'), pp.

ISI- 1SSN.

7. '.1K. Ni ri hi, R. S li;icl b'r. RVI. Pliel, *;. It\ea l \V IV. II lamcuu cr, I1. Iii. Chuem. .

1 09, 5556 (1997).

* V ~t~. ~ C~C . - ~ -, Er . 4 .s..C U.~ . C - S" ., .'.. ~.< - -**-~ '~%



8.R.MN. 1-aine ; ld A.S. I I irschon., InI rI-1inspiiinaitiol of (.)ualloilnta/is into Ciommnon aund

Exotic M~aterials: Desiziz and Actlivation, edit ed by R.MN. I aine ( NATO AS I Scr. F. Appi.

Sci. 141. NIartintls Nijh1oll PuhI. Amnsterdai. I 988-') pp. 21.

~.G.S. Gj-irohni. .A. Jensen. D).AL. Poll ina, \V S, Willj1amis. A .1> Kaloeros and 0*.MN. A Iloca,

.1. Ain. Client. Soc., 109, 1 5-79 (1 9S7).

10. a. (;.NI. Brown and L.. Niava, ,.\mmonfol%,sis Products of the IDialkylamildcs of luinium.n

Zirconium, and Niobiumi as- Precursors to Nictail N\itridecs.' .1. AIm. Soc N. 72. 7-2

(19S7).

b. G. Brown and L. %laya, Inor. Paprr No. .197. paper prectd at the AmIl. (1cm.

Soc. Spring Mieeting, Denver. C), 1987.

11. Sec papers in tis Symposium1.

12. a. J. HI arrod, C.A. A itken and 1". SamulQ. ('am .1. (lheor. 64, 1677 (1986).

b. I. F. Ila-rod, in Trans/14inatiou, of ,01a,oill't,,Iics into ('mio,,110 and Exotic MAhterials:

Desi~lzn andI Activation, edlited by R.MN. lamc (NATO( A SI Scr. 17 U ;ppl. Sci. 141.

NI artinus N ijhoff Puhi. Anmstcrdam.18 . 1I01.

c. (.A. A\ itken. J. .H arrod and F'. Samuel. .1. Am. (Chem. ,. 108. -1059 (1986).

I3 a. B.G. Penn. J.G. IDaniels. ILL. leCd1'Ctte 1II. 11d 1.\Ni. (111u.I'l.K~' ud Ndi.

26. 1191-I1194 (19S6).

h). B.Gi. Penn, F.F. Ledhetter II I, I.. I (lemons, and .JA( I niel. .I. App/. IPolv11 Sci.

27, 375 1-3761 (1982).

14. R.MN. Laine, Y. Blum, 1). Tse, and It. Gilaser in hiori'nmic andl (hganoinetallic Polymners,

edited by K. Wynne, M. Zeldin, and IL. ,llcock (Am\i. Chiem. Soc. Symp. Scr. Vol. 360,

1988), pp. 124-142.

15. Thecsc rcstilts and most of the synthecsis details wvill be reported elsewhere, K.A. Youngdahil,

R.MN. Laine, R.A. Ken nish, U. R. C:ron in, anmd ( .Ba Ia \ine. u.nphlihd work.

16. \AV. Chow. I).Il tlm ulRN .cinc flmet j/atjou Kinetics 0

toiclaans bv Transition \ict:1I ( a 1~idI)JlI\ 11r0Cml11li4' Reactionl, .1. 1"111 . -,

C 2( 101- 108 P )SS).

.11



rp m -- -.

ft F-

If

. - - r r - - - r - - - - w -r - . r - - r - w .- ~ w -IleC


