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Abstract

A series of polyalumingilazanes was synthesized by reaction of dimethylethyaralane

complex with polgilazanes. Startqn from different dichlorosilanes, pdaiyazanes were

obtained by means aimmonolysis. The latter reacted with the alane complexeahtd solid
polyaluminoVLOD]DQHV WKDW FDQ EHRDGHHIVF&REGHG DW VERVW RPO
were monitoredand controlled (from the choice of the molecular precursor to the
polymerizationand the functionalization with alumindnin order to study the effect of the
introduction of Al on the different reactive sites of tB8e backbone in the po$jlazanes.

Detailed information on the polymers structures were obtained by FTIR and multmuclea

solid state NMR spectroscopies. The transition from the polymeric state to the ceramic

inorganic state was investigated by means of ssihte NMR spectroscopy and finally the
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structural evolutiorof the final ceramicd®y high angle XRD, Raman spectropy and TEM
imaging. It is noted that the polymderivedSIAICN ceramicsare Xray amorphous even at
high temperature under nitroganth some local crystallizationJpon further heating these
materials tend téurther crystallize into thermodynamicallyable phases at a given chemical
composition, such as SiC, 38, free C, or AIN. Finally, the present study shows that the
amorphousgo-crystalline transition is closely related to the nature and structure of the

preceramic polymer.
1. Introduction

Many of the important technologies such as mietectromechanical systems,
micro-sensors, 3D printed compoundiers, membranes and coatings depend on the
successful design of inorganic compon&faté>®’. Indeed, simple inorganic materials
present important limitations for higiemperature applications, particularly when
corrosion and oxidation resistance, mechanicaérformanceand shape desigare
required. The use ofdvanced ceramics that generally meet these requirements
emphasizes the reliability of these materials for high chemical resistance and
maintained mechanical properties at elevated temperatures. However, ceramics are
difficult to handle owing to their inimsically brittle behaviour, while the use of metals
is limited by their intrinsic corrosion problems and by reduced performance at
temperatures approaching their melting point. Moreover, the former cannot be easily
shaped and manufactured. Therefore, nbed for ceramics able to be tailored on
demand and perfornm harsh environments crucial. To provide this reliability, the
material must have a wellefined organization of the microstructure regarding the
ratio, the distribution and the properties of the constituent phases involved.
Consequently, novel polymelerived ceramic¢PDCs)can be processed in order to

overcome the drawback¥he PDCs route is an attractive approach forpreguction of
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advanced pure ceramic materiaisd offers significant benefits over conventional ceramic
processing techniqu&sl®t2 The chemistry at atomic scale (composition, structure,
and homogenei)y the processing properties as wa#f the chemical and thermal
reactivity of the polymers can be tuned to deliver, after shaping and pyrolysis, non
oxide ceramics with the desired compositional phase distribution, homogeneity and
shapeThis approach is applied for the elaboratiorafbdes, nitridesf many groups

and transition elemenfg415161718192021 55 well as homogeneous mixtures or solid
solutions of pseustbinary combinations of ceramics and nanocompdéité<. In
particular, SICN materials combine partly the properties SiC and SiN4 in one
material and have showrecenty VWURQJ LQWHUHVW IRU HQYLURC
technologiedue to their outstanding properties such as high thermal robustness, high
mechanical strength, low bulk density, high thermal conductiwityh corrosion and
oxidation resistané@?®. The addition ofAl to siliconbased ceramics advantageously
contributes to the improvement of the hydrothermal stability of the derived materials.
As an illustration, the addition of Al to silicon oxynitrides forming SiAI®Kesults in

an improved thermal and chemical stability in oxidizing atmospherthe presence of
water vapour and corrosion species which is not the case of SION cerstmiesver

as demonstrated by Ast al?® and Wanget al?® the addition of Al to silicon
carbonitride in flowing air results in a ngrarabolic oxidation curve (at T 1000°C)

which decreases more rapidly with time, down to a negligible level. The authors
suggested that the remarkably low oxidation rates of theseiatatare attributed to

the lower permeability of the formed oxide layer to molecular oxygen, due to the
incorporation ofAl in the silica network. The passivation layer is shown to hinder
diffusion-controlled oxidation in the bulk which will protect theatarial from

oxidation.In fact, the presence of 1 to 8#@% of AIN in SIC ceramicsesults in dine-



grained uniform microstructuneith a potential improvement of the mechanical propefties
More reports have shown that SIAICN ceramics oavrsuperior creep resistance,
improved oxidation and corrosiaesistanceand also a better thermal conductivity i
comparison to Afree SIC and SIC/N systemd-323334353637 Recently, Maet al3®
reported the preparation of polyrderived SIAICN ceramics by pyrolysis of an -Al
containing precursor synthesized by mixing liquid polysilazane, aluminusecbutoxide

and dicumyl peroxide. Authors showed that such materials exhibit an enhanced AC
corductivity with the increase of the temperature and frequency which results in a typical
NTC behavior. Also Davicet al3® showed that adding Al to &I/N system improves the
electrical conductivity and have proven that SIAICN/CarbonNanotubescgrelicompsites

can be successfully used as battery electroées.a consequence, Polym@erived
SilicoAluminum CarboNitride (SIAICN) ceramics are considered as promising
candidates for highemperature and harsh environment applications.

Two general techniques rtdoe investigated for the synthesis of SIAICN precursors: i)
3% XLOGLQJ EORF NpyDIgss biFhDrrdgehebuskixtures mdlymers in a
common solvent,leading to the stable phases which constitute the composite
(organosilicon and organoaluminumepursors® LL 36LQJOH VRXUFH
approach in which Al and Si are precombined in a comstutture. Several SIAICN
polymeric precursors were reported such as §@)eAINH 2]2*%, (ELAINH 2)3*? that led

to the highest SIAICN vyieldJanik et al. prem@red solid solutions of AIN and SiC at
temperatures 900 T from tris(trimethylsilyl)aluminun{(MesSi)sAl) and ammoni&. Boury

et al. demonstrated th&iAICN ceramics could be obtained with high ceramic yield through
the reaction betweefCH3sSi(H)NH], with (CHs)sAl or (CHs)AINH*. In addition, he
synthesis of SIAICN from commercial polysilazane namely polyureamethylvinylsilazane

(Ceraset®) that reacted with an aluminum isopropoxide hasrbperted®. The formation of
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polyaluminosilazae results from aeaction between the-N units of Ceraset and AD units

of the aluminum isopropoxide. The authors provided a detailed characterization of the
polymerto-ceramic transformation by means of FTIR alMR spectroscopies and they
revealed the effect of Al content on the structural behavior of the material. Three stages were
observed when it comes to the polya@iceramic conversion: i) crodsking reaction
forming SiGN units, ii) thermal decompositn forming SiCN units and iii) structural
rearrangement resulting in the formation of AWINs. Miller and ceworkerg® prepared
polyaluminosilazanes from polysilazanes and policapodiimides by means of
hydroalumination of vinyl substituents at Si and subsequent dehydrocouplingl aeaktive

sites. Based on the multinuclear sedtdte NMR {H, *3C, ?’Al, and?°Si), EPR and FTIR
techniques, they investigated the structural evolution of the preceramic polymer. The latter
transforms into an amorphous preceramic network around 500°C where AIN and SIiCN
clusters are formed. Above this temperature a complete trangimnmato an amorphous
ceramic characterized by the presence of a Si/C/N matmx, SiCiNaix with x = 0, 1, 2, 4),
amorphous (graphitéke) carbon, and AIN domains with Al in different coordination
spheres (x = 4, 5, plakes place. Thismorphoustate remains up to 1400°C.

The Si/AlI/C/N system represents a ceramic material with an amorphous structure made of
covalent bondghatis stable at high temperatures. The development of SIAICN ceramics from
single source precursoisa very interesting appachbecause of the ability to: i) control the
composition of polymers and derived ceramics at the atomic scale, ii) introduce attached
functional groups or substituents that are reactive sites which are beneficial for the shaping
ability of the polymer s well as their pyrolysis behavior, and iii) determine the functionality

of the derived ceramics. For example, SICH3C&H and NH groups, due to their chemical
reactivity, offer the opportunity to attach supplementary elements to the polymer structure.

Aluminum can be introduced by hydroalumination of CH=zGjdoups, using alane Lewis



base adducts. Accordingly, the molecular weights of the polymers may be incrvéased
hydrosilylation (SiH + SICHCH). Reactions may involve dehydrocoupling with formatién o

Si-N units (SiH + NH).Individual steps of the procedure to prepare polydeived SIAICN
ceramics were carefully investigated. In particular, we describe the synthesis of a series of
polyaluminosilazanes by reaction of ammonia (=network building agetht)dichlorosilanes
followed by a reaction with an alane complex.-@tgained polyaluminosilazanes were
structurally characterized then pyrolyzed at 1000°C under nitrogen to deliver amorphous
SIAICN materials. A systematic mechanistic study of the pohyimeeramic conversion of

the polyaluminosilazanes in nitrogen atmosphere is provided. The individual chemical
processing steps and the related structural and chemical changes occurring during the
polymerto-ceramic conversion were investigated in detasimgexsitu solid-state NMR and

FTIR spectroscopies. Then, more structural investigations are reported to follow the evolution
of the amorphous SIAICN network into a multiphase component made of NG, SIN and

free carbonThe four singlesource pecursors investigated display different reactive sites that
will affect the polymerization mechanisms and thus the ceramic yield and eventually the
shaping abilities of the glymers. For instance, payazanes containing vinyl/allyl groups

will react with AlHz via different mechanisms and crelssking degrees during the
hydroalumination. Whereas the presence ofHSgroups will show possiblecoupling

reactions that can occur during the polymerization.

2. Experimental

2.1 Materials

All the synthesis procedures have been performed using the Schlenk technique operating
with an argon/vacuum line in order to prevent contamination of the synthesized products with

oxygen and moistureArgon was purified by passing through successive codurah



phosphorus pentoxide siccap@htand BTS catalystsAll the Schlenk tubes and glassware
were dried at 120°C prior to use. The chemicals were handled in an MBraun, M200B
glovebox operating under argon with a rate of @GQnd HO <0.1 ppm.
DichloromethyVinylsilane and dicholoromethylsilane were purchased from Sigltach,
whereas dichloroallylsilane and dichlorodivinylsilane were purchased from ABCR chemicals.
Toluene (99.85%, extrdry over molecular sieve, AcroSeal®) was obtained from Acros
Organics.N,N dimethylethylaminealane complex 0.5 M in toluene was provided by Sigma

Aldrich.
2.2 Synthesis of polyaluminosilazandsrived SIAICN ceramics

In order to purify the pecursors, dichlorocarbosilandéisistrated in Figure 1, were
freshly distilled with magesium powders. Dichloromethylvinylsilane was freshly
distilled at 110115°C, dichloromethylsilane at €9°C, dichloroallylsilane at 110
115°C and dichlorodivinylsilane at 1A®0°C.

The preparation of poly(methylvinyl)aluminosilazane is described belowa as
representative procedure, since the other precursors were prepared similarly. In details,
a three necked Schlenk tube was equipped with a water cooled reflux condenser and a
gas inlet tube. 35 g (0.25 mol) of dichloromethylvinylsilane were dissolvé@0nmL

of toluene. The system was cooled at 0°C and ammonid@at) was slowly added.

After the addition was finished, the solution was warmed naturally to room
temperature and the {products were separated by filtration through a pad of Celite.
Once aclear solution was obtained, the solvent was removed by distillation under
vacuum (RT/1¢& mbar). Polymethyvinylsilazane was obtained as a transparent viscous
liguid. The quantity of ammonia is not a key point in the control of the
SR O\F DU E RV waupg; DigieHndanVertctss of ammoniwas usedand the

quantity was controlled through the condensation of ammonia in the condenser after
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bubbling into the chlorosilane solution. 40 mL (20 mmol) of solution of
AlH3.N(Me)Et in toluene were added at 0°C t6 g (58.7 mmol) of
polymethylvinylsilazane in solution with 200 mL of toluene. After three days of
stirring, the byproducts were eliminated by filtration and the solvent removed by
distillation at (RT/1¢) and 3.5g (70% yield) of Almodified polymethyinylsilazane
was obtained, a moisturand airsensitive white polymer we labelled PMVAZ.

The details concerning the synthesis of the diffefeoliyAluminoSilaZzanes (PASZs) are
reported in Table 1. PMAZ (derived from dichloromethylsilane), PMVAZ (derivedn f
dichloromethylvinylsilane), PAAZ (derived from dichloroallylsilane), PDVAZ (derived from
dichlorodivinylsilane) refer respectively to Poly-MethylAluminosilaZzane, Poly-
MethyNVinyl-AluminosilaZzane,  Poly-Allyl-Aluminosilazane and  Poly-DiVinyl-

Aluminosila&Zane.

Dichloromethylvinylsilane Dichloromethylsilane
(PMVAZrecurso) (PMAZprecurso)
Dichloroallylsilane Dichlorodivinylsilane
(PAAZrecurso) (PDVAZDrecurso)

Figure 1 : Molecular structures of the dichlorocarbosilanes used.

As-synthesized polymers are all in form of white gihlkss powders very sensitive to
air and moisture. The structure of the different polymersimasstigated by FTIR and

solid-state NMR spectroscopies.



For each thermolysis experiment, PASZs were introduced into a nitfillgeinglove

box connected to a horizontal tube furnace (Nabertherm type RS 80/500/11, Germany).
The powder samples were putdnan alumina boat and then introduced into the
furnace. The tube was evacuated {IAbar) and refilled with nitrogen (99.995 %).
Subsequently, samples are subjected to a cycle of ramping of 5%Gariif00°Cand
annealed at this temperature for 2 hlawing nitrogen (120 mL.mi). The samples

were finally cooled to RT at 5°C.min Nitrogentreated materials were further heat
treated in a nitrogen atmosphere up to 1800°C (5°Cyramd held 2 h at the final
temperature in the range 120800°C in agraphitic furnace (Gero, Model HTKS).

Table 1: Synthesis data of the polyaluminosilazanes (PASY

PASZ Name Dichlorosilane M polycarbo-  V M Synthesis
. LATA
silazane AlH . PASZ yield %
g (mmol) N(Me),Et 9
mL (mmol)

PMAZ PolyMethylAluminosilaZane Dichloromethylsilane 6.5 (109) 75(37.5) 5 77
PMVAZ  PolyMethylVinylAluminosilaZane  Dichloromethylvinylsilane 5 (58.7) 40(20) 35 70
PAAZ PolyAllylAluminosilaZane Dichloroallylsilane 8 (94) 65(32.5) 8 100
PDVAZ PolyDiVinylAluminosilaZane Dichlorodivinylsilane 8 (82) 60(30) 5.28 66

2.3 Characterization techniques

FTIR was performed on a Nicolet MagiR 550 Fourier transform
spectrophotometer 5 Nicolet Instrument Co. USA) using KBr pellets (2 wt% of
polymer mixedwith previously dried KBr powder followed by a compaction into a
dense pellet). Preparation of samples for analyses has been done in a glove box filled
with argon.
13C, 29Sj and!®N-solid-state NMR spectra were recorded with a Bruker AVANCE 300
spectromete using a 7 mm Bruker probe and spinning frequencies of 5 kiAt.
solid-state NMR spectra were recorded on both Bruker AVANCE 500 and 700
spectrometers using 4 and 3.2 mm Bruker probes and spinning frequencies of 14 and

20 kHz respectively. Chemical shifalues were referenced to tetramethylsilané3or
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and ?°Si, CHNO: for ®N and AI(NQ)s for 2’Al. Spectra were simulated with the

DMFIT progrant’.

As-pyrolyzed samples were characterized by O\ GLIIUDFWLRQ 3KLOLSV 3:

PRO Xray diffraction system operating at 30 mA and 40 kV from 10 tov@@f a step size

R XVLQJ D .. RI FRSSHU DV VRXUFH SDPDQ VSHFWL
SDPDQ RSHUDWLQJ DW a QP 7KH PLFURVWUXFWX

from PMVAZ (PMVAZ-d-SIAICN) was investigated by TEM measurements|(Fécnai G2

30 UT operating at 300 kV). The chemical composition of the SIAICN materials was obtained

by EDX (microanalysis system with IDFix and MaxViwe softwares from SamX coupled

Hitashi S800 microscope).
3. Results and discussion
3.1Synthesis of polyalminosilazanes

The Al-modified polycarbosilazanes, called polyaluminosilazanes (RASiere
preparedvia D *SRO\PHU"~ URXWH DFFRUGLQJ WR D SURFHGX!
boronmodified poly(vinylsilazaneé§. Precursor synthesis was performed by
ammonolysis of commercialichlorocarbosilanes, followed by a reaction with the
alane complex in toluene solution. During the first step (ammonolysis), the majority of
Si-Cl groups are converted into-8H> by reaction of dichlorosilanes with excess of
ammonia. The resulting $iH> groups polycondense at RT to build up the
polycarbosilazane network through-I$H-Si units, according to the ideal synthesis

pathway depicted in Figure 2 releasing ammonium chloride.
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+ 3nNH;
-2nNH,CI

R=H, CH,, CH=CH,, CH,-CH=CH,

Figure 2 : Ammonolysis of dichlorocarbosilanes.

In a second step, addition of the alane complex :AfMe)Et on the
polycarbosilazanes occurs. Based on the synthesis of -boroodified
polycarbosilazanes for which hydroboration is repdfiedwe expected
hydroalumination reactions between the vinyl/allyl groups in the polycarbost#iazan
obtained from the four different dichlorosilanes and theHAUnits of the alane
complex. According to the presence of 3-HAlbonds in the alane, 3 vinyl or allyl
groups should react with the alane complex (2€EH-Si + AlHz o Al (C2H4Si)3).
This correponds, ideally, to a Si:Al ratio of 3. This is why we used this ratio in our
experimental protocol. However, Berget al?® reported that hydroalumination
reactions are incomplete énare accompanied by dehydrocoupling reactions.
Therefore, we have considered a last sample prepared without vinyl/allyl groups from
the dichloromethylsilane to identify this reaction.
The structure of the polymers was analyzed using infrared spectrogagpse 3 shows the
spectra for the four synthesized polyaluminosilazanes. The band characteristit lobmdls

n-H= 3450 cmt) is, as expected not intense, indicating a possible dehydrocoupling reaction
involving NH groups in PMVZ and AlH units in thedane complex forming AN bonds. This
is confirmed through the presence of the band around 1753wdrich is attributed to the
vibration of AFN bonds. The bands in the wavenumber range -338% cm' and 1375

kcHa)- dscnd cmt are broad whichsi due to the incorporation of carbbased groups
11



in PMVAZ. The low intensity of the band attributed to vinyl groups (:6600 cm?') tends

to demonstrate the occurrence of hydroalumination reactions. The regiofbd2@fn' is
difficult to interpret in RMMVAZ. All the polyaluminosilazanes display a weak absorption
signal in the 3368385 cm' region, and the series of bands in the wavenumber range 2750
3100 cmt, which confirms the presence ofiland GH vibrational bands, respectively. In
addition, theyexhibit the bands around 1753 ¢maused by the vibration of Al bonds and

the bands ascribed to-i vibrations that appear in the 122000 cm' range. We can also
observe the band at 1650 ¢mwhich is present in the vinyhllyl- containing
polycarbailazanes. This means that hydroalumination occurs but is not total. Particularly, in
the PMAZ and PAAZ spectra we can detect the vibration&l Band at 2159 and 2124 ¢m
respectively, ti seems that the dehydrocoupling is significantly favored for PMAZ
Consequently, ateric effect can be identifiedh& highly sterical allyl groups in PAAZ, in
comparison to methyl groups in PMAZ, hinder an easy accessH@®&iups leading thus to a
less extent ofhe couplingreactionsas compared to PMAZ. It shoultlee mentioned that in the
case of PAAZ, theconcurrence between hydroalumination and dehydrocoupling might
significantly decrease the occurrence of dehydrocoupling reackartbermoreit seems that

the extent ofdehydocouplingis higher in PDVAZ than in PMAZ. Finally, a comparison of
PMVAZ with PMAZ makes clearthat hydroalumination isa concurrent reaction to
dehydrocoupling. For all polymers, we can detect a band around 210datiributed to Ad

H vibrations from the resicl alane complex. In the case of PMAZ and PAAZ, the shape of
the signal indicates that there are two overlapping absorption bands, therefbrebdhtions

are assigned along with-8i bands around 2100 ¢imDeformation bands of CHappear for

all sampleV schs=1375 cmt D Q Gcrb=1450 cmt. Based on the infrared spectroscopy, we

can suggest that hydroalumination of the vinyl/allyl groups takes place but, according to the
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identification of AFN bonds, dehydrocoupling reactioalsoproceed as reportdry Bergeret

al.*®. However, we cannot state which reaction is preferred without additional information.

Ein
T B fun Ren tec WscHs

Wens

Figure 3: FTIR spectra of PAAZ, PMVAZ, PDVAZ and PMAZ.

Solid-state NMR was used to confirm these hypotheses. This technique is of particular
interest for complex systems such as ternary (Si/C/N) and quaternary ceramic systems
(Si/BIC/N, Si/Al/C/N), not only to establish the chemical environment of thmatn

the polymeric precursor containing various NMRive nuclei, but also applied to the
pyrolyzed intermediates to follow the structural evolution from the polymer to the
ceramic. Unlike the case of SI/C/N and Si/B/C/N, so far only little has been
investigated concerning the structural evolution of Si/Al/C/N quaternary sy$tems
Multinuclear ¢3C, 2°Si, 2’Al, N, solid-state NMR spectroscopy experiments were
used to investigate the structure of alumimonodified polysilazanes, from which
SIAICN ceramics are formed. It should be emphasized that thestepo polymer
synthesis (ammonolysis and alane reaction) peeted to give rise to a large variety of
structural components which are not all explicitty shown in the idealized

structures/reactions discussed previously. Therefore, we will try to give a detailed
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representation of the structure of polyaluminosilazate=sxribed in Table 1 based on
the local carbon, silicon, aluminum and nitrogen environméé®s.2°Si and?’Al are
sufficiently abundant to be studied without isotopic enrichment. Neverthéf&ss,
spectra were recorded using the cypskrisation (CP)Yechnique to obtain spectra
with reasonable signab-noise ratio. The experimental and simulatéd CP MAS

NMR spectra of four polyaluminosilazane samples are given in Figure 4.

N-CH-CH;

SkCH,

a) PMAZ

SHCH=CH,

b) PMVAZ /\/\

ol |G 1 N

SICH-CH=CH -CH-CH-G

d) PAAZ

175 150 125 100 75 50 25 0 -25 (ppm)

Figure 4 : 13C CP MAS NMR experimental andsimulated spectra of a) PMAZ, b)

PMVAZ, c) PDVAZ, and d) PAAZ.

We can clearly identify the signals in the range-1%58 ppm corresponding & carbons
which are attributed to the vinyl (131, 145 ppm) and allyl (115, 137 ppm) gfoilyas did
not react during the addition of aluminum in PMVAZAARZ, and PDVAZ. This confirms

that hydroalumination is not the only reaction that occurs during the synthesis of
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polyaluminosilazanes. These signals are logically absent in the sample PMAZ since it does
not contain allyl and/or vinyl groups. All sampleshéit two signals at ~53 and ~46 ppm
which are attributed to {CH>-CHz and NCHs groups coming from the alane. The PMAZ
spectrum shows two other overlapping signals around 3 and 7 ppm that can be assigned to Si
CHs and NCH.-CHs environments respectively. For the PMVAZ and PDVAZ, additional
signals are present between 10 and 20 ppm. They most probably arise from hydroalumination
reactiondeading to the formation of SEIH(CHg)-Al and StCH>-CHz-Al units. According to
previous wok*®, signals around 20 ppm could correspond toCAk and AFCH
environments while SCH(CHz)-Al is expected to be around 10 ppm-CH probably
resonates in the same area a€8s, that is at a small chemical shift value around 5 ppm as
previously observed in Si/B/C/N systethd=or PAAZ sample, signals are als@sent around

25 ppm that can be assigned to the presence-GHZICH,-, CHx-Al and Al/SCH(CH)-
CHy-Si/Al environments. Th&%Si MAS spectra of the polymeric precursors are shown in

Figure 5.
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H-S(N)-CH

N-S{N,)-CH,

a) PMAZ

CH(sB)-S(N,)-CH
CHICH(sB)-S(N,)-Ch

b) PMVAZ

CH(sB)-S(N,)-CH/CH(sF)

(CHICH(sB)),-S(N,) (CH(sB)S(N,)

) PDVAZ

H-S(N,)-CH-

N-S(N,)-CH-

30 20 10 ] 10 20 30 -40 50 -60  -70 (ppm)

Figure 5 : 2°Si MAS spectra of a)PMAZ, b) PMVAZ, c) PDVAZ and d) PAAZ.

On the PMAZ spectrum, the main signal observe@htppm can be assigned to the expected
SIHCN: environment from the ammonolysis. Indeed, signals attribute@ittC(sp’)N2
groups are usually observed-28 ppn?>>253, Nonetheless, an additional signal is observed at
~ -32 ppm that could corresponda®iNsC environmert. This suggests a possible reaction
between SiH units and NGHroups present in the alane. A similar reaction has already been
obseved between SH units of polymethylsilazane and N@Hgroups of tetrakis
(dimethylamino)titaniur’. These two signals are also observed for the PAAZ sample i

agreement with its expected structure.

SiCoN2 environments (—5 ppm) are, as expected, present in PMVAZ and PDVAZ as
classically observed in boramodified polysilazane witlsp* carbong>>2%3%6 confirming that
hydroalumination occurs in these samples. Moreover, in PMVAZ, an additional signal is

observed aroundl5 ppm, achemical shift close to the one observed in solution fof=CHH-
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SiN2-CHs units’. This signal could therefore correspondSiounits bound to vinyl groups
that did not react during the addition of aluminum, as observédbgP MAS NMR (figure
4). Similarly, the signal centered &8 ppm in PDVAZ could correspond to Gifif)-SiN.-
CH/CH(sp?) units considering the sensitivity 8iC2N2 chemical shift to the hybridization of

the carbon in. position.

Figure 6 shows thé’Al MAS NMR spectra of PMVAZ, PAAZ and PDVAZ samples
recorded at relatively high field (11.7 T) sirié@l is a quadrupolar nucleus (I = 5/2) but very
large signals are nonetheless observed, probably corresponding to overlapping features.
Spectra of PMAZ and PDVAZ were recorded at higher field (16.4 T) and high spinning speed
(20 kHz) but unfortunately theesolution is not significantly improved (see Figl in SL). A
tentative fit of the spectra is propose¥l.signal at 150 ppm is observed in PMVAZ and
PDVAZ that can be possibly assigned to ADN environments that have been reported
between 159.5 and 148.pmp*%%°, suggesting hydroalumination reactions. Then all spectra
show signals af 130 ppm, | 80 ppm, | 50 ppm and a main one &tL10 ppm. The latter is
probably due to AlNsite$® while the signal at 130 ppm is consistent with AINor AINsH
environments, the one 4t80 ppm to AINC or even AINOax (x = 1, 2f*. Finally, the signal

at | 50 ppm is consistent with ABPL or less probably to AlgSt. The presence of AN bonds

confirms dehydrocoupling reactions between NH of the silazane and the alane.
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a) PMVAZ

b) PAAZ
¢) PDVAZ
200 175 150 125 100 75 50 25 O 25 -50
(Ppm)
Figure 6: 2’Al MAS spectra of a) PMVAZ, b) PAAZ and c) PDVAZ (Bo Trot =

14 kHz). Tentative fits and assignments are proposed. (*) indicate spinning sidebands.

15N CP MAS NMR spectra (Figure 7) of the four samples exhibit at least two main signals

around-330 ppm and355 ppm. The first one can be assigned SH units ofthe silazane

backbone while the second is tentatively assigndd@siz or N-CH,- environments coming

from the alan®. An additional signal aroune845 ppm is present in PMVAZ and probably

PAAZ : N chemical shift values of NAkHx (x = 1-3) environments have been calculated

between+330 and+370 ppni? and could be a possible assignment.
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NCHy/N-CH-

a) PMAZ

b) PMVAZ

c) PDVAZ

d) PAAZ

-280 -290 -300 -310 -320 -330 -340 -350 -360 -370 -380 -390
(ppm)

Figure 7 : 15N CP MAS NMR spectra of a) PMAZ, b) PMVAZ, c) PDVAZ and d) PAAZ.

Based on soligtate NMR, we identified the two possible reactions that occur during the
synthesis of the polyaluminosilazanes: hydroalumination and dehydrocoupling. This indicates
the strong difference in the reactivity of aluminum amparison to boron. In boremodified
polysilazanes derived from molecular precursors, it is usually reported that hydroboration is
the only mechanism that occur during the synthesis of these polymers. Such a reaction is total
and no residual vinyl groupare found in boromodified polysilazanes. However, we
recently showed that in the case of bemadified commercialpoly(vinylmethytco-

methyl)silazane a competition between hydroboration and dehydrocoupling occurs depending
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on the Si/B ratié®. The differences in the selectivity of reaction of Alahd BH with the
polycarbosilazanes can be due to the different reactivity of; Al BH towards C=C
groups and NH functions, which can be explained by their different Lewis base acidity.
Because aluminum organyles exhibit a distinguished Lewis acidity, reactions of alanes with
vinyl-containing polysilazanes are thus not restricted to thdroajumination of olefinic
groups.Also, dehydrocoupling along with the formation of-Nlunitstakes placeAccording

to these contrasts, the polyrrterceramic conversion is expected to be extremely complex in

the case of SIAICN materials.

3.2Polyaluminosidzanego-SiAICN conversion

The pyrolysis of the polymers was performed underul to 1000°C. The pyrolysis
behavior of the preceramic polymer is intimately linked to its elioksng degree and also to
the presence of groups with a latent reactivityuminum, added by hydroalumination and
dehydrocoupling, contributes to increase the clioking degree of polycarbosilazanes
(=PSZs) leading to polyaluminocarbosilazanes (=PASZs). The thermal conversion of
preceramic polymers into ceramic is accompanigdhle formation of gaseous 4pyoducts
and therefore weight loss occurs during the polytaaeramic conversionTable 2 shows
the weight loss of the polymeas different temperature$he polymesto-ceramic conversion

was investigatetly pyrolysisunderN; up to 1000°C (5°C.mif).

Table 2: Weight loss of the PASZs at different terperatures.

Sample PMAZ PMVAZ PAAZ PDVAZ
Weight Loss (wt%) 31 29 23 27.5

The weight loss which is intimately related to the latent thermal reactivity of the specific
groupsthat are linked to Si. As an illustration, PAAZ exhibitsFgiremaining allyl groups

and NH units (because they do not react totally with the alane) as identified by FTIR and
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solid-state NMR. The croskinking reactions are either traiasnination followel by ammonia

elimination, dehydrocoupling or hydrosilylation or polymerization of vinyl/allyl groups

Structural changes occurring during the pyrolysis up to 1000°C were monitored bgtatdid
NMR of intermediates isolated at 200, 450, 700 and 1000°Gsaléeted the sample PMVAZ

to observe the evolution of the vinyl groups during the pyrolysis according to the absence of
Si-H units, and to follow the evolution of the chemical environment around Al since it is

expected to be bonded to C and N elements.

3.3PMVAZ structure evolution: RD 1000°C

Figure 8 exhibits the?®Si MAS NMR spectra of PMVAZ and of the derived-ieated
intermediates between 200 and 1000°C. We previously discusséiiMR spectrum of
PMVAZ that contains broad signals correspondin§it@N> environments with a signal &
ppm and another one &5 ppm due to the presence of @pé carbon linked to Si. With
increasing temperature, signals broaden and the spectra become featureless. After calcination
at 450°C under B this broad sigal is centered at5 ppm. Above 450°C, the peak
progressively tends to shift to lower positions while the signal is still characterized by
overlapping resonances. The signal is centeretiZappm at 700°C ane5 ppm at 1000°C.

The appearance of these &dened signals is typical for amorphoush&sed PDC%1° and it
is in general caused by overlapping resonances afNziQunits (with x=0, 1, 2, 3 and 4).
Moreover, SiGN units cannot be identified in PMVAderived SIAICN ceramics (since they
are expected at positive chemical shift wes) in contrast to polymelerived SIBCN
ceramics®. The sample hedteated at 1000°C is composed of $ig, SiCNs, SiCs and SiN

envionments expected about0 ppm -30 ppnt*-19 ppnt® and-48 ppni® respectively.
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Figure 8 : 2°Si MAS spectra of PMVAZ and N-treated intermediates at 200, 450, 700

and 1000°C.

Experimental?’Al MAS NMR spectra recorded at 11.6 T are presented in Figu@nly
minor changes occuturing the heatreatment from RT to 1000°C essentially related to the
disappearance of the signals at higher chemical shift values and therefore suggesting the

disappearing of AC and AlH bonds.
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= 1000C

700°C
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Figure 9: 2’Al MAS spectra of PMVAZ and PMVAZ -derived samples pyrolyzedat 200,
450, 700 and 1000°C under N (Bo 7ot = 14 kHz). Tentative fits and

assignments are proposed. (*) indicate spinning sidebands.

Experimentaf3C CP MAS NMR spectra are given in Figure.Ilhe samples he#teated at
1000°C could not be recorded with CP due to the absence of protons. As previously
discussed, the PMVAZ exhibits a set of signals attributed to the vinyl groups (133 and 141
ppm) that did not react during the hydroaluminatietiyylamine groups (53, 46 ppm) and
aliphatic groups linked to Si and Al (in the rang@@ppm) resulting from hydroalumination

in . and position of the carbon. Hetiteatment at 200°C induces the disappearance of the

signal in the 4668 ppm region, coirining that they are ending groups such as arhased
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units. The signal intensity corresponding to vinyl groups decreases pointing to a thermally
induced polymerization of the -Bonded vinyl groups and their conversion into aliphatic
hydrocarbons -CH>-CH2)n and/or the release of ethylene/acetylene. These reactions are
significant in the temperature range 2®0°C. The signal centered at 10 ppm does not
change in intensity but has a tendency to broaden. That can be assignegbio Qhits

(with x=0, 1, 2)°254. The broad signal in the Iefield region at 136140 ppm, which is more
intense in the sample heatated at 700°C, indicates the formation of amorphous (graphite
like) carbon during the thermal degradation.

AlSICHH N
2SN ]

SHCH=CH, N /)| St

200°C
450°C
175 150 125 100 75 50 25 0 -25 (ppm)

Figure 10: 13C CP MAS NMR spectra of PMVAZ and Ne-treated intermediates at 200,

450 and 700°C(*) indicate spinning sidebands.

The PASZto-SIAICN conversion is achieved at 1000°C. The chemistry involved during the

polymerto-ceramic conversion is intimately related to the chemistry of the polymer,
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including the structural rearrangements at the atomic scale. In particular, théstchem
involved during the polymetio-ceramic conversion includes a complex sequence of structural
and chemical changes based on molecular rearrangements and the release of gaseous by
products. In the following part, the amorphdascrystalline transformatn is investigated.

The introduction of boron into silicocarbonitride ceramics can lead to materials possessing
excellent hightemperature stability and resistance to crystallization which was explained by
the formation of a turbostratic-B-N phase retaling the possible decomposition reactions
between SN4 and free carbd¥i which is also expected with the substitution of boron by

aluminum.

3.4 Characterization of SIAICN: 100d&1800°C

7KH PDLQ SXUSRVH RI SURGXFLQJ SRO\PHUV ZLWK GLIIH
GHPDQG®™ WKH FRPSRVLWLRQ DQG SURSHUWLHV RI WKH GH
origin, i.e., their properties are affected by the intrinsic architecture ottieing polymer.
After heattreatment to 1000°C, PAS&erived SIAICN ceramics labelled PASZX (with X the
temperature at which PASZs have been annealed) are amorphougeriralamorphous
state of polymederived SCN ceramics at 1000°C can be assodiateacontinuous network
of mixed SC«Ny environments combined with a free carbon phageurther annealing to
temperatures exceeding 1000°C promotes rearrangements within the amorphous matrix.
Based on TEM studies, Monthioux aDelverdieP® reported that the nucleation of the free C,
commonly present in organosilicon polyrteased PDCs, is always the first crystallization
phenomenon that takeplace. A nucleation of the SiC phase follows this first event whatever
the number of constituents within the systdfor SIAICN, there is no clear justification of
this statement and we show in this studyt #haen though the ceramic isrdy amorphous ta
1000°C, it starts showing some crystallization as depicted by THii4. point aims at the

characterization of the chemical evolution as well as the phase evolution and crystallization of
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the amorphous PASderived SIAICN ceramics. In particular, the effef the polymer nature

and the influence of its chemistry are examined.

The elemental compositions of the PA8&rived SAICN ceramics after pyrolysis 4000°C
are obtaned by EDX and given in Table As expected, the samples are composed of Si, Al,

C and N with a small amount of O.

Table 3: Elemental composition of polyaluminosilazanalerived SIAICN ceramics?*

Sample Si Al C N O Chemical

(WE%) (Wi%) (Wi%) (Wt%) (wtdp) COmPosition
PMAZ 39 18 15 23 5 Siz.0Al1.4C2.7N3.500.6
1000
PMVAZ 24 16 23 29 8 Siz.0Al 2.0C6.7N7.301.7
1000
PAAZ 32 12 29 19 8 Siz.0Al1.2C6.4N3.601.3
1000
PDVAZ 32 16 30 17 5 Siz.0Al1.6Cs.6N3.200.8
1000

*Referenced to Si3.0 and normalized to 100 wt%

On the basis of our experience with the synthesis of a varfietyrides and carbonitridesnd

the difficulties associated with the elemental analysis of such materials, we can assume that an
oxygen content levelQ8 wt% is mainly associated with the presence of surface oxides on
phasepure nitride/carbonitridesn addition,O may also result from the adhesive carbon tape
used for EDX preparatiofEventhough elemental anailysvere not performed on the starting
PASZs due to the high sensitivity of such polymers,can observe that the Si:Al rabbthe

derived ceamicsis close to 3 corresponding to ttieeoraticalSi:Al ratio we fixedduring the
synthesis of PASZs with the exception of PMVAZ100the low carbon content in
PMAZ1000 is related to the low carbon content of the polymer (:SCHnit in the
monomericstructure). For the other samples, the carbon content is similar. It is seen that the

total nitrogen content remains nearly constant in all of the samples (excepted for
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PMVAZ1000) which was expected according to the fact that all polymers contain 1 NH unit

in the monomeric structure.

XRD diagrams of SIAICN materials annealed at temperatures going from 1000 to 1800°C
with an isothermal hold of 2 h at each temgpere are reported in Figure .1Phase
identification is achieved by locating the characterisiftrattion peaks of the respective

phases in the XRD patterns.
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Figure 11: XRD patterns of SIAICN materials at 1000, 1200, 1400, 1600 and 1800°C

under N2 derived from (a) PMAZ, (b) PMVAZ, (c) PAAZ and (d) PDVAZ.

As previously discussed, PAS#rived SIAICN ceramics, independently from the nature of
the preceramic polymer, are amorphous at 1000°C and remain in this state up to 1200°C. At
1400°C, the degree of crystallinity seems to be affected by the type of Wmepo

precursor. In particular, the XRD pattern of PDVAZ1400 shows broad peaks corresponding to
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nanosized -SiC crystals. This observation points out the fact that SiC nucleation already
occurs at 1400°C if the starting polymer contains relatively haghan units. It is interesting

to observe that, at the opposite, SIAICN ceramics derived from PMAZ (without olefin),
PMAZ1400, do not show any diffraction peaks. Riedel angvarkers studied the effect of
carbon content and the precursor chemistry tbe crystallization of amorphous SIiCN
ceramic8’. These authors showed that the C:Si atomic ratio had an effect on the
crystallization of SiN4 and no relationship with the crystallization of SiC. In our case, it
seems that the C:$atio measured in PASderived SIAICN ceramics has a clear effect on
the structural evolution of the samples: the lowest C:Si ratio attributed to PMAZ1000 (Table
3) corresponds to the lowest degree of crystallization after annealing to 1800°C (PMAZ1800).
This is clear based on the XRD patterns of the samples derived from PAAZ1000. The former
(C:Si=2.1) crystallizes earlier than the latter (C:Si=1.5) upon heating to 1800°C. As
mentioned above, the sample PMAZ1000 (C:Si=0.9) is the most stable againdlizaiieta
through annealing to 1800°C. There is, therefore, a clear evidence that the C:Si ratio governs
the crystallization of phases in SIAICN ceramics. After Hesdtment to 1800°C, all the
samples exhibit the reflections characteristic of a 2H weartgpe compountf. The
similarity in the basal plane lattice parameters between AIN and SiC suggests that AIN may
seed SiC wystallizatior?**2. Interestingly, silicon nitride (8N4) is absent even though some
XRD peaks attributed to SiC could be assigned-®isN4 (whereas SN is identified in
SIBCN ceramics). This probably means, based on XRD, thidi 8ecompaged by the carbon
leading to SiC according to the reaction depicted in the following equatigis $i13C A

3SiC + 2N. This reaction usually occurs at 1484°G{P1 bar)™.

Raman spectroscopy is an important -{ol@structive tool for investigating the structural
evolution of the free carbon phase in these materials. Free carbon appears in the Raman

spectra of PDCs in the form of disorderedQ GXFHG ' D Q G~1$5EMQIBI0 @
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the G band at ~1582 chdue to the band stretchingg® FDUERQ DV ZHOO DV WKH
is overtone of the D band at ~2700 ‘tntharacteristic of defedtee sample’3. Raman
spectra of the samples annealed undeatNLO0O, 1200, 141) 1600 and 18WC are presented

in Figure 12 The samplegxhibit the characteristic brdd and G signals and strong overlaps

at each temperature from 1000 #00°C as a consequence of the structdisbrder of the
carbon phase whiclindicates carbon segregation to form disordered or nanocrystalline
graphitic clusters. Since line width decreases with increasing annealing temperature, structural
rearrangements accompaniedabglearordering and/or growth of the free carbon phase occur

in the temperature range 1400 and 180@%CL800°C,in the sample PMAZ180these bands
almost disappear while new bands appear at 830 and 920attnbuted to -SiC. The
crystalline SiC occurs by a free carbon consuming reaction as previously disonstesl

basis of XRD.Also the AIN phase appears around 650'cm the sample at 180Q.
Moreover, we can observe in the sample PMAZ1800, all the bands characteristic of the

crystalline phases (AIN, SiC) whereas it appdhe less crystallized by XRD.
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Figure 12: Raman spectra of SIAICN materials at 1000, 1200, 1400, 1600 and 1800°C

under N2 derived from (a) PMAZ, (b) PMVAZ, (c) PAAZ and (d) PDVAZ.

TEM studies were used to examine details of the crystallization process. Trgso#s
obtained on the samples derived from PMVAZ at different temperatures are shown in Figures
13, 14, 15, 1k The bright field TEM image of the sample PMVAZ1000 in FiguBealis
characterized by extended amorphous regions (predominant feature séaripde). The
corresponding selected area electron diffraction (SAED) pattern supports the amorphous state
of the sample. It displays diffuse haloes, indicating the amorphous microstructure of the
sample heatreated at 1000°C. However, in some local parthe sample, fine crystallites

have been observed which suggests that the sample is not a pure amorphous material (a fact
that we could not presume based on XRD and Raman). The mamo#sg SAED (inset in

Figure 13b) is identical to -SisNa.
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1.30+0. 358

Figure 13: TEM images of PMVAZ1000: (a) low magnification and (b) High Resolution
ZLWK LQ LQVHW WKH FRUUHVSRQGLQJ 6%$(' SDWWHUQ LQGH

SizNa.

As shown in Figure 14the TEM observation of the sample PMVAZD46hows a more
crystallized state. This is emphasized in the SAED patterns where distinct rings and spots are
clearly observed. The sample exhibits a majority of #&isN4 phase (with a Pfim space

group) and some- SisN4 regionsas a secondary phasdagiie 14a). No SiGregions have

been observed yet at this temperature, however, we could detect AIN nanocrystalline phases
(Figure 4-b), with aP6mcspace group that starts to appear at 1400°C, as confirmed through
the SAED pattern (inset Figure-b}. The size of the AIN crystallites varies from 7 to 12 nm
(diameters have been measured as average on long and short axis). Even though XRD and
Raman spectroscopy showed that the sample was amorphous, we can conclude from the TEM

spectroscopy that some cgine phases are present in the overall amorphous matrix.
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Figure 14 : TEM images of PMVAZ1400 with in inset the corresponding SAED pattern
LQ ZKLFK WKH UHG L QSisNiFghaselkieldidenwhBs W thedhexagonal AIN

SKDVH DQG WKH \HOSkRiPh&SOHV WR WKH

The characterization of the sample PMVAZ1600 under nitrogen has resulted in a much more
crystalline material (Figure 1J5The HRTEM and SAED patterns emphasize ihesence of
-SisNs (Figure 15a) and .-SiC regions (Figure 1b). The nanosized SiC crystallites are

more frequent than the sBis crystallites which tend to prove that SiC is formed to the
detriment of SiN4. SiC phases correspond to a space groupeghcthat is identical to the

AIN phase depicted at 1400°C. Since we could not depict AIN, at 1600°C, as a single
crystalline phase, we can propose that it is merged with the SiC since they crystallize in the
same space group forming a sediolution rathetthan a mixture of both separate phases of

SiC and AIN.
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 0.32+0.02 nm

Figure 15: TEM images of PMVAZ-d-SIAICN at 1600°C in N> atmosphere.

At 1800°C (PMVAZ1800) a polycrystalline nature of the SIAICN ceramic is obviously
encountered with thpresence of a SHBIN compound and SiC phases (Figure.leine -

SisN4 crystallites are still present which was identified also by XRD.

Figure 16 : TEM images of PMVAZ1800 with in inset the corresponding SAED pattern

in which the red indices refer to the -SisN4 phase and the blue ones to the SiC phase.

Conclusions
A series of silicommluminumcarbonnitrogen ceramics derived from different
aluminummodified polycarbosilazanes have been synthesized and characterized. The
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SUHFHUDPLF SRO\PHUV ZHUH REWDLQHG E\ WKH 3VLQJ
consists in thereaction of polycarbosilazanes with a dimethylethylamine alane
complex. We prepared different types of polyaluminosilazanes starting from different
types of dichlorosilanes, to compare their composition, structure, thermal behaviour
and microstructure ewation with high annealing temperatures. Because of the
complex structure and composition of polymers that directly affect the structure and
performances of ceramics, detailed investigations of their molecular chemistry have
been done. In addition, the dowl of the polymeito-ceramic conversion through the
design of the intermediate steps (to convert the polymer system into an inorganic
intermediate) and the use of annealing treatments at different temperatures (to change
the inorganic intermediate inthvé desired final structure) have been investigated to
generate the SIAICN ceramics. Through the use of several complementary techniques
of analysis such as FTIR spectroscopy, sstate NMR, Xray diffraction and Raman
spectroscopy, we have proposed a plete study of the structure evolution of
polymerderived SIAICN. Alanes exhibited a different selectivity with
polycarbosilazanes in comparison to borane based on former studies, for instance
dehydrocoupling isn competition with hydroaluminatioduring the readbn between

alanes and posflazanes whereas hydroboration proceeds as a major mechanism
during the reaction between boranes and polycarbosilazanes. Such highly stable

materials are promising materials to perform in harsh conditions.
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Supporting Information

Figure 1 2’Al MAS NMR spectra of a) PMAZ and b) PDVWAZ (B0 X ¢o: d RO RHZz).
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