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The chemistry of cyclosilazanes and borazines is
a topic of current interest in view of preceramic
polymers which yield on pyrolysis various useful
ceramic materials, e.g. silicon and boron car-
bide, silicon and boron nitride, and ternary or
quaternary mixtures of these materials. These
materials are hard and have high oxidative and
thermal stability. Other useful properties are
resistance to corrosion, thermal shock and creep,
low electrical conductivity and low coefficient of
thermal expansion. One of the best application
prospects is the use of the preceramic polymers
as protective coating material for carbon fibres.
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1 INTRODUCTION

Ceramics are not only candidate materials for
engine and turbine construction, but also for cutting

tools and biomedical devices. Moreover, ceramics
also have interesting magnetic or optical properties
which are utilized for functional applications.
However, the main disadvantages of ceramics are
their brittleness and insufficient reproducibility of
their excellent properties. The former is due to the
predominant ionic or covalent nature of the chemi-
cal bonding in ceramic compounds, while the latter
is due to the complex fabrication procedure in-
volved in the synthesis of ceramic powders, and the
processing, shaping, and sintering of fine ceramic
powders. Recently, these serious handicaps can be
reduced by controlling the microstructure devel-
oped during sintering and by simple improvements
of single manufacturing steps. Accordingly, for
example, the mechanical properties of silicon
nitride (Si3N4)-based ceramics have been clearly
enhanced, and Si3N4 is now applied in engine
components in the form of a turbocharger rotor,
glow plug, swirl chamber or rocker arm1,2(Table 1).

One main future target in material science for the
21st century is the development of ceramic-based
advanced materials enabling high-efficiency use of
energy resources which exert a minimal burden on
the environment and that will help energy con-
servation. For example, advanced materials are
now being developed for use at 1350°C to over
1500°C, enabling combustion without NOx forma-
tion. Therefore, significant improvements of cera-
mic-based material properties, especially in the
high-temperature range, are required and are
expected to be achieved by novel fabrication
techniques and by the synthesis of new materials.
In order to provide tailor-made material properties,
the starting ceramic powders have to be optimized
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by increasing the purity and controlling the
morphology,crystallinity and composition,which
in turn influence to a great extent the phase
composition and microstructureof the densified
materials.In particular,chemicalmethodssuchas
chemicalvapourdeposition(CVD), sol–gel tech-
nology and polymer pyrolysishavebeenusedfor
the production of high-purity ceramic materials
alongsidetraditional powder technology.Numer-
ousreviewshavebeenpublishedon thesesubjects
in the last tenyears.3–9

2 POLYMER PYROLYSIS

The common feature of the chemical methods
mentionedis the transformationof moleculesto
non-metallic, inorganic solids. Basically, in the
case of CVD, low-molecular-weight compounds
with high volatility are decomposedin the gas
phaseand are usednot only for the formation of
oxide or non-oxide ceramics, but also for the
synthesisof metalsandsemiconductors.In contrast,
the sol–gel and the polymer pyrolysis process
employ inorganic–organicpolymers which are
transformedto the ceramicpreferentiallyvia the
liquid or solidstate.Thesol–gelrouteis suitablefor
the synthesis of oxide ceramics, whereas the
polymer pyrolysis route is applied largely for the
preparationof non-oxideceramics.

In general, technical synthesis of advanced
ceramic materials utilizes traditional inorganic
solid-statereactionsoperatingathightemperatures.
Accordingly, SiC, for example,is synthesizedby
thereactionof silicawith carbon(Achesonprocess)
at T> 2000°C. Si3N4 is fabricated either by

reaction of the elements or by carbothermal
reductionof silica andnitridationat 1500°C. Since
the worksof VerbeekandWinter in Germanyand
Yajima et al. in Japan,bothpublishedin the1970s,
andSeyferthin USA in the1980s,it is knownthat
non-oxideceramicscan be producedat tempera-
tures as low as 800–1200°C by thermal de-
composition of organosilicon preceramic poly-
mers.10–12In particular,thepolymerpyrolysispro-
cessinvolvesthe following reactionsteps:

(1) Synthesisof oligomers or polymers from
low-molecularweight-compounds.

(2) Enhancedchemicalor thermalcross-linking
of thesesynthesizedpolymers,giving high-
molecular-weight compoundssuitable for
polymerto ceramictransformationwith high
yields.

(3) Pyrolysisof thecross-linkedpolymerprovid-
ing the desiredceramic material, with the
simultaneouslossof volatilereactionspecies.

Basically, polymer-derivedceramicscan be ob-
tained in higher purity than materialssynthesized
by traditionalpowdertechnology.This is attributed
to thechemicalsynthesisof thepolymersallowing
easypurificationof thereactingspeciesby distilla-
tion or crystallization.Thus,thepurity of polymer-
derived ceramicsis limited by the purity of the
appliedorganoelementpolymers.The viscosityof
thepreceramiccompoundscanbeadjustedwithin a
wide rangeby variationof the reactionconditions
during polymersynthesisor by substitutionof the
side groups attached to the polymer backbone
elements.This tailoring of theviscosityenablesthe
processingof the polymers by well-established
industrialmethodssuchascoatingandspinningof
fibres.

Besidesthe commercialfabrication of ceramic
fibres,organoelementpolymersareatpresentunder
researchanddevelopmentfor the following poten-
tial applications:

(a) synthesisof multicomponentceramic pow-
dersandbulk materials;

(b) formation of ceramic coatings that are
protective towards corrosion, abrasionetc.
by dip- or spin-on coating of the polymer
followed by pyrolysisof thepolymerfilm;

(c) formation of ceramic matrices in porous
structuressuchasfibre prepregsby polymer
infiltration and subsequentpyrolysis of the
infiltrated part;

(d) ceramicbinders;

Table 1 Advancedceramicsandtheir applications

Material Typical applications

Carbides
SiC Engines,machinery,cutting tools,

metallurgy
B4C Wear,high-temperaturethermocouples

(B4C/C)

Nitrides
BN High-temperaturelubricant(h-BN), cutting

tools (c-BN)
Si3N4 Partsin heatengines:turbochargerrotors,

glow plugs,swirl chambers,rockerarm
pads(in service);valvesandpistonpins
(in development)
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(e) formation of porous materials such as
ceramicfiltration membranes.

3 PROPERTIES OF POLYMER-
DERIVED CERAMICS

3.1 Crystallization behaviour

The onset of crystallization of the metastable
polymer-derivedceramicsproviding the thermo-
dynamically stable phases has been found to
increase,at a given temperature,with increasing
numberof constituentelements.Thus,materialsof
the binary system Si–N start to crystallize at
T = 1000°C forming a-Si3N4, whereasmetastable
solid solutions of the ternary and quaternary
systemsSi–C–N,Si–O–C–NandSi–B–C–Nwith-
standcrystallizationup to 1400,1500or 1700°C,
respectively.At higher temperatures,polycrystal-
line ceramiccompositescomposedof a- or b-Si3N4
andb-SiCareformedin thecaseof Si–C–N,Si–B–
C–N with the molar ratio Si B = 3:1 provides
multiphaseceramicsuponcrystallization,contain-
ing b-Si3N4, b-SiC and amorphousor a-BN and
amorphouscarbonor graphite.The beginningof
crystallizationis not only a functionof thenumber
of elementspresentbut alsodependson the molar
composition.Accordingly,Si–B–C–Nwith a high-
er boroncontent,molar ratio Si B = 1.6:1,crystal-
lizes at T> 1900°C.1 Moreover, the amountand
typeof crystallizedphasesdependon thecomposi-
tion of theamorphousceramic,whichin turncanbe
adjusted within a wide range by altering the
polymercomposition.Furthersystematicinvestiga-
tions of thesephenomenologicallydescribedfind-
ingsarein progress.

3.2 Thermal stability

The thermalstability of nitride-basedceramicsis
stronglydependenton thenitrogenpartialpressure.
Thus,thebinarycompoundSi3N4 decomposesinto
the elementsat T> 1500°C in the absenceof N2,
whereasSi3N4 is stableup to 1850°C at 0.1MPa
(1 bar)N2 pressure.

Several investigations by our group and
others1,2,13–15haveshownthat thethermalstability
of non-oxideSi ceramicsis significantlyenhanced
in materialsof the ternaryandquaternarysystems
Si–B–N andSi–B–C–N.Si–B–C–Ngivesthe best
results and is thermally stable up to 1900°C in
0.1MPa helium. Ternary solid solution Si–C–N
showsa decreasein massat T> 1400°C evenat

0.1MPa N2 pressure,owing to the solid-state
reaction of silicon nitride with elementalcarbon
generatedin the courseof crystallizationor phase
separationaccordingto Eqns[1] and[2].

Si1:8C1:0N1:6ÿÿÿÿÿ!T>1400�C
0:4Si3N4� 0:6SiC� 0:4C �1�

Si3N4� 3Cÿÿÿÿÿ!T>1400�C
3SiC� 2N2 �2�

3.3 Oxidation behaviour

Study of the oxidation behaviourof densepoly-
silazane-derivedSi–C–Ncomponentsrevealedthat
the material resists oxidation in a pure oxygen
atmosphereup to 1600°C.14,15 This finding is
attributedto SiO2-surfacepassivation,which hin-
ders the oxidation of silicon carbonitride in the
interior of thematerial.Themassgainowing to the
formationof cristobalite(SiO2) hasbeenfound to
be lessthan1 wt% duringannealingof the sample
at 1600°C over60h in oxygen.

In the course of our work, the synthesisof
molecule precursorscontaining the desired ele-
mentsin themolecularstructureis of greatinterest,
especially for the formation of multicomponent
ceramics.

4 SYNTHESIS AND PYROLYSIS OF
PRECURSORS IN THE Si±N, Si±C±N
AND Si±B±C±N SYSTEMS

4.1 From cyclosilazanes via
crystalline silicon nitride imide
Si2N2NH to Si3N4

In recent years oligo- and poly-silazaneswere
investigatedas precursorsfor Si3N4-basedcera-
mics.1,2,12,17–23Thermal decompositionunder at-
mosphericpressureof the silazanesyields Si3N4
ceramicsandSi3N4/SiC composites,dependingon
the pyrolysisatmosphere.24–26 The six- andeight-
memberedcyclosilazaneswhich are usedasstart-
ing material can be easily synthesizedby ammo-
nolysisof chlorosilanes.The reactionis described
in Eqn [3].

n�CH3�2SiCl2ÿÿÿÿÿÿ!�3nNH3

ÿ2nNH4Cl
1=n��CH3�2SiÿÿNH�n �3�

n� 3;4

Becauseof the low molecularweight of the rings
direct pyrolysisunderatmosphericpressureis not
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possible.Thereforethereactionswerecarriedout in
an autoclaveunder high pressure.The cyclosila-
zanesreactcompletelyto crystallinesilicon nitride
imide,Si2N2NH andCH4 accordingto Eqns[4] and
[5].15

2��CH3�2Si NH�3ÿÿÿÿÿ!
�3nNH3

ÿ12CH4

3Si2N2NH �4�

��CH3�2Si NH�4ÿÿÿÿÿ!
�2NH3

ÿ8CH4

2Si2N2NH �5�

Completecrystallizationwas provedby optical
transmissionmicroscopywith crossedpolarizers.
The reactionproductwas characterizedby X-ray
diffraction and elemental analysis. The X-ray
diffraction patternis shownin Fig. 1(a).

The particle morphology of the crystalline
Si2N2NH was investigatedby SEM. The reaction
productis amicrocrystallinepowderwith spherical
particles. The average particle size is about
0.15�m. Si2N2NH reactsat temperaturesabove
1000°C to give a-Si3N4. After annealingfor 5 h at
1200°C and for 50h at 1300°C the X-ray
diffraction pattern clearly indicates the presence
of a-Si3N4 apartfrom Si2N2NH. Heattreatmentat
1500°C for 5 h andat 1350°C for 50h yields X-
ray-pure a-Si3N4.

14,15 Thermal decompositionof
Si2N2NH to a-Si3N4 with the simultaneouslossof
NH3 is describedin Eqn [6].

3Si2N2NHÿ!2�-Si3N4� NH3 �6�
The yield of a-Si3N4 is 94% of the theoretical

value.a-Si3N4 is determinedby X-ray diffraction
(Fig. 1b)andelementalanalysis.Theabsenceof X-
ray diffraction lines correspondingto b-Si3N4
indicates that the a/(a� b)-ratio is more than
98wt%. SEM micrographsof the synthesizeda-
Si3N4 show the presenceof rod-like crystallites
with a particlesizeof lessthan0.7�m (Fig. 2).

Comparedwith two commerciala-Si3N4 pow-
ders,namelyUBE-ESP(�99%a-phase)andUBE
E-10 (>95% a-phase), the a-/b-silicon nitride
transformationof the a-Si3N4 (>98% a-phase)
produced was investigated. After annealing at
1800°C and 1 MPa N2 pressurefor 10h, both
UBE E-10 and the synthesizedpowder were
completelytransformedinto b-Si3N4. Theb-Si3N4
phasewasidentifiedby X-ray diffraction (Fig. 1c).
In contrastUBE-ESPpowderconsistsof about90%
a-phaseand10%b-phase.Onepossiblereasonfor
this contrasting crystallization behaviour is a
different contamination with oxygen. However,
the comparisonof the three investigatedpowders
showsthat theoxygencontentsarecloselysimilar.

Thereforewe considera homogeneousdistribution
of b-Si3N4 nuclei in the producedpowder. The
presenceof b-Si3N4 nuclei acceleratesthe phase
transformationfrom a-Si3N4 to b-Si3N4.

Figure 1 X-ray diffraction pattern of (a) synthesized
Si2N2NH; (b) a-Si3N4 obtained at 1350°C in 0.1MPa N2;
and (c) b-Si3N4 formedafter heattreatmentat 1800°C under
1 MPaN2 pressure.14
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Figure 3 shows an SEM micrograph of the
(Me2Si—NH)4-derived b-Si3N4. The size of the
rod-like crystallitesis about9�m.

Altogetherthesynthesisof binarysilicon nitride
by polymerpyrolysisof cyclosilazanesis relatively
inexpensive.Theonly by-productwhich appearsin
theammoniathermalsynthesisis gaseousmethane
(CH4). Methanecan be easily separatedfrom the
solid reaction product Si2N2NH. Si2N2NH is
consideredto be an intermediatecompoundin the
ammonolysisof SiCl4, finally yielding a-Si3N4 at
T> 1200°C a-Si3N4 with a high ratio of a-phase
(>98%) is obtainedat T = 1350°C. The NH3 lost
simultaneouslycanbeusedasastartingmaterialto
producecyclosilazanesfrom (CH3)2SiCl2 by am-
monolysis.The a-/b-phasetransformationis com-
pletely finished at 1800°C. Therefore Si2N2NH
derived from cyclosilazanesis a very suitable
precursorfor the productionof a-Si3N4, because
of thehigh phasepurity andthelow contamination
of oxygen,carbonandmetals.

4.2 Materials in the ternary system
Si±C±N

Silicon-basednon-oxideceramicssuchas SiC or
Si3N4 are candidatematerialsfor applicationsin
automotiveor enginedevices(Table1). The most
powerfulrouteto theseceramicsusingthepolymer
pyrolysis processis the thermaldecompositionof
organo-substitutedpolysilazanes. Whereas the
polysilaneshaveto besynthesizedby theexpensive
dechlorinationreaction of chlorodiorganosilanes,
R2SiCl2, with sodium or potassium,the polysila-
zanesare much more easily accessiblein high
amountsby simple ammonolysisof R2SiCl2 and
subsequentbase-catalysedcross-linking of the

reaction product, oligosilazane,12 (Eqns [7] and
[8]).

nCH3SiHCl2�3nNH3ÿÿÿÿÿ!ÿ2nNH4Cl
�CH3SiHÿÿNH�n �7�

n�CH3SiHÿÿNH�4ÿÿÿÿÿ!
KH=ÿmH2 �8�

�CH3SiHÿÿNH�4nÿm�CH3SiN�m
The molecular compositionof the synthesized

polysilazanescanbeobtainedeitherby substitution
of the methyl groupsby other alkyl, aryl or vinyl
groups, or by co-ammonolysisof, for example,
CH3SiHCl2 and (CH3)2SiCl2. Co-ammonolysisis
already used for the synthesisof commercially
availablepolysilazanesfor example,ChissoCorp.,
Tokyo,JapanproducespolysilazanesNCP100and
NCP 200, and HoechstAG, Frankfurt, Germany
manufacturesVT 50 and ET 70. Low-carbon-
containing and carbon-freepolysilazanesare ob-
tained by the reaction of [(CH3)3Si]2NH with
HSiCl3 andby ammonolysisof SiH2Cl2�2pyridine,
respectively, and are also produced commer-
cially.27,28 Pyrolysisof cross-linkedpolysilazanes
like 1 yields the desired ceramic. The applied
reactionatmosphere,(argon,nitrogenor ammonia)
determinesthe compositionof the final product
according to the following simplified reaction
equations(Eqns[9] and[10]).

�CH3SiHÿÿNH�4nÿm�CH3SiN�mÿÿÿÿÿ!
1000�C=Ar �9�

SixCyNz� H2� CH4 � . . .

�CH3SiHÿÿNH�4nÿm�CH3SiN�mÿÿÿÿÿÿ!
1000�C=NH3 �10�

Si3N4� H2� CH4 � . . .

In contrast to CH3SiHCl2, dichlorodimethyl-

Figure 2 SEM micrographof a-Si3N4 produced.15 Figure 3 SEM micrographof b-Si3N4 produced.
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silanereactswith ammoniato form specificmol-
ecules,shown in Eqn [3]. The obtainedcyclotri-
and cyclotetra-silazanescan be substitutedwith
further silyl groupsand very easily isomerizeto
structuralfour-, six- and eight-memberedrings;29

for example,silyl-coupledfour-memberedringsare
isolated through different reaction pathways,as
follows.

(1) 1-(Fluorodimethylsilyl)2,2,4,4,6,6-hexame-
thyl-3-(trimethylsilyl)cyclotrisilazanesreact
with butyl-lithium to give thecorres-ponding
lithium salts.Ring contractionof the lithium
salts with formation of lithiated (fluorodi-
methylsilyl)amino-substituted four-mem-
bered rings is observedin THF solution.
The dimerization of thesecyclodisilazanes
with elimination of LiF is demonstratedby
crystalstructuredeterminationof I23,29(Eqn
[11]).

(2) The reaction of a bis(silyl)amino-coupled
four- and six-memberedcyclosilazanewith
BuLi leads to the formation of a lithium
derivativewith thecontractedsix-membered
ring. LiF elimination forces a ring closure
of a third cyclodisilazane(II ) (Eqn [12] and
Fig. 4).

Crystal structuredeterminationsof the chemi-

cally identical compoundsI and II showdifferent
results.For example,botharetriclinic, P1, but the
crystallographicdatawere:

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 671–685(2000)
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I: a = 851.4pm b = 855.8pm, c = 1795.3pm;
a = 87.96°, b = 78.78°, 
 = 61.52°; Z = 1.

II: a = 861.2pm,b = 1463.2pm,c = 1783.4pm;
a = 98.33°, b = 99.06°, 
 = 90.58°; Z = 2.

The silyl-coupledrings are stableup to 650°C
andreactwith NH3 at 1100°C to giveSi3N4.

23 The
advantagesof this methodarethat the preparation
of Si3N4 is at relativelylow temperatures,theSi3N4
obtainedis free of chlorine, and variation of the
pyrolysis atmosphere(Ar/NH3) allows the synth-
esisof Si3N4/SiC powderswith definiteC contents
(Fig. 5).

The silicon carbonitrides, SixCyNz, can be
consideredas metastablesolid solutions.A novel
class of polymeric precursorssuitable for the
formation of Si–C–N ceramicsare the polysilyl-
carbodi-imides,[—R2Si—N=C=N—]n, synthe-
sized by the reaction of organochlorosilanes,
RxSiCl4 ÿ x (x = 0,1,2), with cyanamide,H2N—
CN, asreportedrecently2,30 (Eqn [13]).

The molecular structure of the silylcarbodi-
imides was elucidated by single-crystal X-ray
structureinvestigationof the tetramericcompound
(n = 4).30 The polysilylcarbodi-imides can be
transformedin onestepto amorphousandsingle-
phaseSi–C–N ceramicsin a high yield without
prior cross-linking.In contrastto thepolysilazanes
composedof alternatingSi–N units, the polysilyl-
carbodi-imidescontain alternatingSi—N=C=N
units. This structuraldifference in the molecular

precursorscan result in different propertiesof the
derived inorganic solid. The pyrolysis of [—R-
(CH3)Si—N=C=N—]n with R = H or HC=CH2
yields silicon carbonitridematerialswith different
carboncontentsand in about65% ceramicyield,
accordingto thermal gravimetric analysisof the
pyrolysis reaction and according to elemental
analysisof the reactionproductsobtained.

Furthermore,the reactive carbodi-imidegroup
presentin thenovel typeof silicon polymercanbe
utilized for further chemical reactions such as
hydrosilylationor hydroboration.The former reac-
tion canyield highercross-linkingof the polymer
andcanbeappliedfor adjustingtheviscosityto one
relevantfor technicalapplication.The latter reac-
tion results in the formation of boron-containing
silicon polymerswhich can be thermally decom-
posedto silicon boron carbonitrides,materialsin
thequaternarysystemSi–B–C–N.

4.3 Materials in the quaternary
system Si±B±C±N

Compositeceramicscomposedof two or more
binarycarbidesor nitridesareof greatinterestwith
respectto designmaterialswith tailor-madeproper-

Figure 4 Structureof II in the crystal.

Figure 5 SEMmicrographof Si3N4 obtainedfrom I in NH3 at
1100°C.

n Clÿÿ

Ch3

j
Si

j
R

ÿÿCl�n

H

H

n

=

NÿÿC��Nÿÿÿÿÿ!�2nPy

ÿ2nHCl:Py

R

j
ÿÿSiÿÿ
j

CH3

N���C���Nÿÿ

26666664

37777775
n

�13�

R� H;CH3;CH� CH2; Py� pyridine
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ties. However,densificationby sintering of mix-
turesof binaryceramicpowdersis insufficientand
leads to inhomogeneitiesin the final products.
Therefore,the ideais to usemetastableandsingle-
phase multicomponentpowders as starting ma-
terials. In this case,distinct binary phaseshave
to be developedin situ during sinteringby phase
separationor crystallization.

However, multielement ceramic materials are
difficult to synthesizeby traditionalmethodsowing
to the thermodynamicinstability of their solid
solutions,especiallyof those in the ternary and
quaternarysystemsSi–(E)–C–Nwith E = Al, B, P,
Ti or Zr consideredin the courseof our work. In
contrast,againthepolymerpyrolysisrouteenables
the synthesis of this type of metastablesolid
solution, providedthat suitablemolecularprecur-
sorsareavailable.

The synthesisof heteroelementmoleculesthat
can be subsequentlyreactedto polymerscan be
accomplished,for example by hydroborationof
dichloromethylvinylsilane. The reaction product
formed according to Eqn [14] is a molecular
compound31 containingboth boron and silicon in
the molar ratio of 1:3 which can then be
polymerizedby ammonolysisto polyborosilazanes
(Eqn [15]).

Pyrolysis of the novel polymer at 1000°C in
argon provides an amorphousceramic material
in the quaternarysystem Si–B–C–N in a high
yield. The analysis of the composition of the
polymer-derived ceramic shows that the molar
ratio B Si remains unchanged after thermal
decomposition.

In courseof our work with cyclosilazanes,we
also investigatedmolecularboron-containingsila-
zanesasprecursorsfor theformationof materialsin
thequaternarysystemSi–B–C–N.14,15,23

Hexamethylcyclotrisilazanes and their lithium

derivativesreact with F2BN(SiMe3)2 to give the
correspondingmono-,bis- and tris-fluoroborylbis-
(trimethylsilyl)amino]hexamethylcyclotrisilazanes
(III ).14,15,32Thesix-memberedN3Si3 ring adoptsa
distorted boat conformation with normal Si–N
distancesand planar-coordinatedboron atoms14,15

(Eqn [16]).

Ringcouplingof two six-memberedringsoccurs
in the reaction of lithiated 1-fluorodimethylsilyl-
hexamethylcyclotrisilazane with 1-difluoroboryl-
cyclotrisilazane.14,15 Three six-membered rings
arecoupledin thereactionof thelithium derivative
of this compoundand the 1-difluoroborylcyclotri-
silazane(Eqn[17]). TheX-ray structuredetermina-
tion of IV showsthat the threesix-memberedSiN
ringsarecrystallographicallyindependent.14,15Un-
like theNH-substitutedcompounds,which possess
a planarannularstructure,noneof the Si3N3 rings
showsplanarity.The averagedeviationof the six
ring atoms from the least-squaresplanes are
28.9pm, 28.1pm, and 26.5pm, respectively.The
conformation of the cyclotrisilazanesallows a
descriptionas a distorted boat form. Endocyclic
SiN bond lengths (173.0–176.6pm) are slightly

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 671–685(2000)
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larger than exocyclic bond lengths (171.0–
173.1pm).Thegeometryof theboronandnitrogen
atomsis almostplanarandthesumof anglesat the
boronatomsis 360.0°; theaveragesumof anglesat
thenitrogenatomsis 358.2°.

Dilithiated octamethylcyclotetrasilazanereacts
with difluoroboryl-substituted cyclotrisilazanesin
an analogousreaction to Eqn [17] to give BF-
coupled6–8–6-memberedcyclosilazanesV (Eqn.
[18]).33

The conformation of the atoms of the eight-
memberedring can be describedas a chair with
the atoms N(3), Si(2), N(5), N(3a), Si(2a), and
N(5a)nearlyin a plane.Si(3) andSi(3a)are94pm
aboveandbelow this planerespectively.The six-
membered N3Si3 rings adopt a distorted boat
conformation(Fig. 6).33

4.4 Pyrolysis of III, IV, and V

Owing to their molecularcomposition,compounds
III–V are suitableprecursorsfor the synthesisof
Si3N4/SiC/BN composites.The reactionsin Eqns
[19], [20] and [21] representthe idealizedoverall

thermal decompositionreaction (pyrolysis) from
theoligomerto theceramicmaterial.

III : C24H72B3F3N6Si9! 3BN�
ÿ3
4

Si3N4 �ÿ63

4
SiC� xC� volatiles �19�

IV : C28H84B2F7N9Si14! 2BN�
ÿ13

4
Si3N4�ÿ83

4
SiC� xC� volatiles �20�

V: C28H86B2F6N10Si14! 2BN�
2Si3N4 � 8SiC� xC� volatiles �21�

At 1100°C, III–V were pyrolysed under an
argon atmosphereto give a black and X-ray-
amorphousceramicresidue,with fluorosilanesand
alkanes as volatiles. The product formed is
composedof powder particles and a coating on
the reaction tube wall, indicating that III–V are
thermallydecomposedvia both solid-statepyroly-
sis andgas-phasedecomposition.The yield of the
powderderivedfrom thesolid-statepyrolysisof the
molecularcompoundsIII, IV andV andthatof the
coatingderivedfrom the gasphasedecomposition
of the evaporatedvolume fractions of the pre-
cursors III–V are given in Table 2. It is clear
thereforethat for powder productioncompounds
III–V haveto becross-linkedbeforepyrolysis.

After annealingof the synthesizedamorphous
Si–B–C–N powders at different temperatures
(1300,1500/1600,1700,1800and2200°C) under
a nitrogen atmosphere,the crystallization beha-
viour wasinvestigatedby X-ray powderdiffraction.
In thecaseof III , crystallizationoccursat 1500°C.
Thereflectionlines indicatethe formationof cubic
b-SiC. At 2200°C, crystalline hexagonalBN is
indicatedfrom thediffraction pattern(Fig. 7).

In thecaseof IV andV, thesynthesizedSi–B–C–
N powderremainsamorphousup to 1600°C. The
onsetof the crystallizationof b-SiC is shifted to

Figure 6 Molecularstructureof V in the crystal.33

Table 2 Yields (%) of powderderivedfrom solid-state
pyrolysis(seetext)

Yield

Compound Theoretical
With

coating
Without
coating

III 57.2 48.4 18.3
IV 59.8 52.4 25.8
V 59.6 55.8 24.5
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higher temperatures(1700°C) whereasthe forma-
tion of crystalline h-BN is also confirmed at
2200°C. In bothcases,however,thecrystallization
of Si3N4 is completelysuppressed.This finding is
due to the presenceof boron and to the thermo-
dynamicinstabilityof Si3N4 towardsexcesscarbon.
At 0.1MP nitrogen pressureand at temperatures
above1440°C, Si3N4 reactswith free carbon to
give SiC and elemental nitrogen. Taking into
account the reactions in Eqn [19]–[21], it is
expectedthat formation of a considerableamount
of excesscarbon, by the crystallization of the
amorphousSi–B–C–Nmaterial,hinderstheforma-
tion of Si3N4.

In contrast, amorphous polysilazane-derived
ceramicsof the ternarysystemSi–C–Nhavebeen
shownto crystallizeat T� 1440°C under0.1MPa
nitrogenpressure.34 Theenhancedthermalstability
of materialsin the quaternarysystemSi–B–C–N
with respectto theonsetof crystallization,asfound
in this work, is of greattechnologicalinterestsince
the high-temperatureapplication of amorphous,
polymer-derivedceramicssuch as, for example,
inorganic fibres may be limited by the onset of
crystallization.Thedifferencebetweentheonsetof
crystallization of the silicon boron carbonitride
derivedfrom III, IV andV may be causedby the
different molecularstructuresof theprecursors.

4.4.1 Experimental details
The pyrolyseswerecarriedout undera protective
atmosphere(argon) using the Schlenktechnique.
CompoundsIII–V were pyrolysedin quartzglass
tubesat 1100°C for 5 h.

The amorphousceramicpowdersobtainedwere
heat-treatedfor 5 h in a 0.1MPa nitrogenatmos-
phereat different temperatures(1300,1500/1600,
1700, 1800 and 2200°C) in a graphite furnace.
Phaseanalysiswasconductedby X-ray diffraction
with Cu-K radiation (� = 154.056pm) using a
scintillation countingdetector.

5 SYNTHESIS OF PRECURSORS IN
THE Si±B±N AND Si±N±C±B
SYSTEMs

In the couplingof cyclosilazanesandborazinesin
different ratios, we are able to prepareprecursor
moleculesfor thepolymerpyrolysisin nearlyevery
molarratioof thesilicon,boronandnitrogenatoms.
By interconversionreactions the cyclosilazanes
form four-, six- or eight-memberedrings.

5.1 Reactions of [Me2SiÐNH]4
with ¯uoroborazines

CompoundVI (Si B N = 2:3:5) is formed in the
reactionof dilithiatedeight-memberedoctamethyl-

Figure 7 X-ray diffractionpatternof III pyrolysedat1100°C
andsubsequentlyannealedat 1300,1500,1800and2200°C.14

Figure 8 Structureof VI in thecrystal;selectedbondlengths
(pm): B(1)–N(1) 141.6, B(1)–N(3) 147.4, B(2)–N(3) 142.1,
Si(1)–N(2) 171.8, Si(2)–N(2) 174.2, Si(1)–N(1) 175.0 (R.
JaschkeandU. Klingbiel, unpublishedresults).
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cyclotetrasilazanewith 1,3,5-tri-t-butyl-2,4,6-tri-
fluoroborazine(Eqn [22]).

CompoundVI (Fig. 8) containsnon-planarN-
atoms (

P
N = 358.2°–359.3°) in the B–N ring

system.Thecentralcyclodisilazaneis formedin an
anionicrearrangementof the eight-memberedring
system. The ring contraction depends on the
bulkinessof the substituentsof the borazinering;
it does not occur when borazineswith smaller
substituents(suchasethyl) areused(Eqn[23]) (B.
JaschkeandU. Klingebiel, unpublishedresults).

5.2 Reactions of [Me2SiÐNH]3
with ¯uoroborazines

Six-memberedSi–N andB–N rings (VIII and IX )
arecoupledaccordingto Eqn[24] (Si B N = 1:1:2).

An anionicrearrangementcanbeobservedin the
coupling of two bulky fluoroborazineswith hexa-
methylcyclotrisilazaneto form X (Si B N = 1:2:3)
(Eqn [25]). Interestingly, compoundX (Fig. 9)
again containsnon-planarN-atoms; for example,
the sum of anglesof N(1) is 352.2°. The angles
aroundtheatomsN(4),N(8) andN(9) varybetween
358.2° and 359.2° and those of B(1) and B(4)
between359.0° and 359.4°. Trilithiated hexam-

ethylcyclotrisilazanereactswith 3 equiv. of 1,3,5-
triethyl-2,4,6-trifluoroborazine to give compound
XI (Si B N = 1:3:4)(Eqn[26], Fig. 10) (B. Jaschke
andU. Klingebiel, unpublishedresults).

Compoundswith a higher ratio of silicon are
obtainedin reactions[27] and [28]. Compounds

Figure 9 Structureof X in thecrystal; selectedbondlengths
(pm): N(1)–B(1) 141.7, N(3)–B(4) 140.5, N(6)–B(1) 148.4,
N(6)–B(3) 140.8,Si(1)–N(1) 177.0,Si(3)–N(2) 171.9,Si(3)–
N(3) 174.8(B. JaschkeandU. Klingebiel,unpublishedresults).

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 671–685(2000)

CYCLOSILAZANES AND BORAZINES 681



XII and XIII (Si B N = 2:1:3) can be prepared
according to Eqn [27] (B. Jaschke and U.
Klingebiel, unpublishedresults).In XIII (Fig. 11)
the exocyclic B–N bonds (N(4)–B(2) and N(7)–
B(3)) are longer than the endocyclicones.Com-
poundswhicharetotally symmetricandfreeof halo
atomscanbeformedin reactionsof cyclosilazanes
andborazinesin a 3:1 ratio: XIV (Si B N = 3:1:4)
(Fig. 12). Is obtainedaccordingto Eqn [28] (B.
Jaschkeand U. Klingebiel, unpublishedresults).

Again the exocyclic B–N bondsare found to be
longer(2.4pm) thantheendocyclicones.

5.3 Reactions of
hexamethyldisilazane with
¯uoroborazines

Anotherway to prepareprecursormoleculeswith-

Figure 10 Structure of XI in the crystal; selected bond
lengths (pm): Si(1)–N(1) 174.9(2), N(1)–B(11) 149.3(3),
B(11)–N(12)144.4(3),B(13)–N(14)141.3(4);selectedangles:
N(3)-Si(1)-N(1)108.88(10)°, Si(2)-N(1)-Si(1)119.44(11)°(B.
JaschkeandU. Klingebiel, unpublishedresults).

Figure 11 Structure of XIII in the crystal; selectedbond
lengths(pm): N(1)–B(1) 141.8, N(1)–B(2) 144.6, N(4)–B(2)
147.3,N(4)–Si(1)173.4,N(5)–Si(2)172.1(B. JaschkeandU.
Klingebiel, unpublishedresults).

Figure 12 Structure of XIV in the crystal; selectedbond
lengths(pm): N(1)–B(1) 144.5,N(2)–B(1) 146.9,N(2)–Si(1)
172.4,N(3)–Si(1)167.5,N(3)–Si(2)167.4(B. JaschkeandU.
Klingebiel, unpublishedresults).
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out halo atomsfor Si–B–Cor Si–B–C–Nceramic
materialsis by thereactionof fluoroborazineswith
hexamethyldisilazane.CompoundXV (Si B N =
4:3:5.5)is preparedin this way (Eqn[29], Fig. 13)
(B. JaschkeandU. Klingebiel,unpublishedresults).

6 APPLICATIONS

Polymerceramicprecursorscanbeappliedasbulk
materialsmatrix componentsin refractorycompo-
sitesandlastbutnot leastasprotectivecoatingsfor
wear-or oxidation-sensitive substrates. Carbon
fibres are found today in a wide range of
applicationsasreinforcingcomponentsin ceramic
and metal matrix composites,with characteristic
featuressuchashigh tenacityandelasticmodulus.
In spite of the excellentmechanicalpropertiesat

high temperaturesa drawbackis their sensitivity
againstoxidation and chemically active environ-
ments.Thereforecommerciallyavailablefibresare
not appropriatefor application at high tempera-
tures. Various coating technologieshave been
developedto build protective and adhesion-con-
trolling surfacelayers.35,36

Promisingprospectsfor new protectivecoating
materialsthat are stableat high temperaturesare
shownby Si–B–C–Ncompounds.

Crack-free silicon-basedceramic coatings on
carbon fibres are obtained by dip-coating and
subsequentcuringandthermaltreatment.Thiskind
of processwasusedfor primary investigationsand
optimization of the coating processand of the
precursorproperties.37,38 The coatingexperiments
arein processof beingtransferedto a continuously
running pilot plant for liquid-phasecarbon fibre
coating.The resultspresentedgive an insight into

Figure 13 Structure of XV in the crystal; selectedbond
lengths(pm): N(0)–B(1) 143.8, N(1)–B(1) 143.9, N(1)–B(2)
143.7,N(4)–B(2) 146.9,N(4)–Si(2)173.8(B. JaschkeandU.
Klingebiel, unpublishedresults).

Figure 14 SEM micrographsof carbonfibre monofilaments
dip-coatedin [(CH3)2Si—NH]4 under an argon atmosphere
after pyrolysis(a) at 500°C; (b) at 700°C.
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the applicationpossibilitiesof recentlydeveloped
precursorsascoatingcomponentson carbonfibres.

Seriesof coatingtestshavebeenmadewith the
preceramicmaterial[(CH3)2Si—NH]4 in argonand
NH3 atmosphereswith temperatureas the varied
parameter. In an argon atmospherethe ideal
temperaturerange to obtain crack-free homoge-
neous monofilament coating is relatively low,
between 500 and 700°C (Fig. 14). The SEM
micrographof [(CH3)2Si—NH]4 after pyrolysisat
700°C still shows a crack-free coating on the
carbonfibre, but with a muchdenserstructure.At
higher temperaturesthe coating begins to shrink

and microcrackformation occurs.Under an NH3
atmospherea completely opposivetendencyhas
been observedin experimentswith [(CH3)2Si—
NH]4. At rising pyrolysistemperatures,thecoating
quality is found to increase.Above 800°C the
coating becomesmore homogeneousand crack-
free (Fig. 15). Such coating film, 200nm thick,
showsa very strongadhesionto the carbonfibre
(Fig. 15c).Experimentsat higherprocesstempera-
tures are still in progress,but there is strong
evidencethat coating homogeneityand adhesion
will further improve at temperaturesettings of
1000°C/1100°C.

Figure 15 SEM micrographsof carbonfibre monofilamentsdip-coatedin [(CH3)2Si—NH]4 under an NH3 atmosphereafter
pyrolysis(a) at 800°C; (b) at 900°C (detail).
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These studies indicate that, with optimized
atmosphereand temperatureparameters,[(CH3)2
Si—NH]4 is a promising preceramicmaterial to
form aceramicprotectivecoatingsoncarbonfibres.

7 CONCLUSIONS AND OUTLOOK

The transformationof organoelementmolecules
into polymersandtheninorganicsolidsby polymer
pyrolysis gives novel ceramic materials which
cannot be synthesizedby classical methods.In
particular, solid solutionsmetastableup to extra-
ordinarily high temperaturesand multielement
ceramics are the reaction products. The novel
materials can be processedto fibrous or bulk
materialsby thermolytic decompositionof poly-
mericpreformsat moderatetemperatures,avoiding
energycostsassociatedwith the densificationof
crystalline ceramicpowdersat high temperature.
The covalentlyboundnon-oxideandsilicon-based
ceramicscan be obtainedin denseform without
usingadditiveswhichaffectthemechanicalproper-
ties at high temperatures.Amorphous,multicom-
ponent ceramics can be crystallized in situ,
providingmicro- or nano-sizedcomposites.

Futurework is focusedon thesynthesisof model
polymersto study the influenceof the molecular
structure of the precursor on the solid-state
structureandmicrostructureof the inorganicsolid
formed. The preparationand characterizationof
novel polymers containing elementsother than
boron, silicon, nitrogen or carbon are of great
interest with respectto the investigation of the
materialpropertiesderived.
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