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144.96, 144.51, 141.04, 140.52, 140.30, 140.23, 134.52,
133.47, 133.24, 132.62, 131.68, 131.50, 131.23, 131.03,
129.05, 128.93, 128.79, 128.61, 128.39, 128.15, 127.99,
127.87, 127.67, 127.52, 127.41, 127.33, 127.01, 126.92,
126.75, 126.60, 126.48, 126.40, 126.28, 126.15, 126.06,
123.35, 123.15 (Ar), 33.92, 33,59 (C(CH,),), 32.60, 32.11,
31.83, 31.34, 31.05 (ArCH,Ar), 31.47, 30.82 (C(CH,));
FAB MS 1019 (M%) (Calkd. M* 1019); Anal. Caled. for
C:HoNO,: C, 80.05; H, 6.03. Found: C, 80.17; H, 6.09.
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There has been great recent interest in the development of
new polymeric precursors to advanced silicon-based ceramic
materials that enable their formation in technologically
useful forms.! Polyborosilazanes polymers have been of
particular interest since recent work has shown that they can
serve as processable precursors to SINCB ceramic materials
that possess extraordinary properties.” Thus, these polyboro-

silazanes enable the homogeneous incorporation of boron
into traditional silicon-based ceramics with the resulting
amorphous SINCB composites having greatly increased
thermal and oxidative stabilities. The enhanced properties of
these ceramics may now enable their use in many high
temperature applications.

In this note, we report our preliminary studies of the



Noftes

svnthesis, characterizations, and ceramic conversion reac-
tions of a new type of polyborosilazane that can be easily
prepared via the reaction of the commercially available
polysilazane, CERASET™ SN,® with decaborane(14). Most
significantly, we also report that, depending on the pyrotysis
conditions, these new polymers can serve as excellent pre-
cursors to either SiC/BN or Si;N/BN ceramic compositions.

Results and Discussion

CERASET™ SN (CER) is a liquid isocyanate-modified
polysilazane that is synthesized by Lanxide Performance
Materials, Inc., by the ammonolysis of a 4:1 mole ratio of
dichloromethylsilane and dichloromethylvinylsilane,
followed by reaction with phenylisocyanate under reflux.’
The polymer has a low molecular weight (M, =564; M. =1,
396; M.=35,215) that is consistent with its proposed cyclic
structure, shown schematically in Scheme 1. CERASET™
SN has been shown to be an excelient precursor to SiC
ceramics when pyrolyzed under inert gases, and a precursor
to Si;N, ceramics when pyrolyzed under NHyN, atmo-
spheres.’

Syntheses of CER-DECA Polymers. The liquid
CERASET™ SN polymer (CER) was found to readily react
with decaborane(14) (DECA-H, B, H,) at 65 °C with
evolution of hydrogen gas to afford solid CER-DECA
polymers that are soluble in acetonitrile and acetone. As can
be seen in Table 1, the amount of decaborane(14) in the
polymers can be controlled by simply increasing the
amounts of decaborane(14) in the reaction mixture and/or
going to more extended reaction times. For example, the
empirical formulas determined by total elemental analyses of
CER-DECA-1 and CER-DECA-4 changed from (BH,5)y 0
(Si!.mNo.71C1.47l'{4.37) o (B|0H12)o.|20(3i1.mN0.16C1,29H4.93) when
the DECA-H/CER ratio and reaction time were increased.
The modified polymers are stable for short periods in air,
but discolor upon longer exposures.

Since decaborane(14) is well known* to react with a wide
variety of Lewis bases (L) to form L,B),H,, adducts (Eq. 1),
the modified CER-DECA polymers are proposed to have
similar types of structures in which the B, H,,-fragments are

Bull, Korean Chem. Soc. 1998, Vol. 19, No. 12 1399

(1}

H H
H—’eé" NHQ 5H)f gas—H

(n=1-20)
R.R ™ 1. ClleCH-

Scheme 1

coordinated to basic nitrogen atoms on the polymer back-
bone (Scheme 1). The spectroscopic data for the polymers
strongly support this conclusion.

In all known L,Bg4H,, adducts, the Lewis bases are
coordinated to the boron atoms in the equivalent 6,9-skeletal
positions, as shown in the structure in Eq. 1.* As a result,
these compounds show very characteristic features in their
“B NMR spectra. For example, the "B NMR spectrum of 6,
9-(MeCN),B\(H,; shows one singlet and three doublet
resonances in 2:4:2:2 ratios at - 5.7, —20.4, -31.2, and
-42.8 ppm, with the singlet resonance at -31.2 ppm
corresponding to the 6,9-borons that are substituted by the
MeCN bases.* The shifts of the remaining resonances, which
appear as doublets owing to the coupling of these borans
with one terminal hydrogen, are likewise highly charac-
teristic of boron atoms in the 2,4 (-5.7 ppm), 5,7.8,10
(=204 ppm) and 1,3 (-42.8 pm) skeletal positions. Like
the L;BjH;, adducts, the "B NMR spectra of the CER-
DECA polymers show one singlet and three doublet
resonances in 2:4:2:2 ratios at ~7.2, ~20.1, —26.4, and
- 428 ppm, with the singlet resonance at -26.4 ppm
corresponding to the 6,9-borons that are substituted by the
polymer.

Both the '"H NMR spectra and the FT-IR studies of the
CER-DECA palymers are likewise consistent with the

Table 1. The characterization of modified-CER-DECA polymers prepared at 65 °C and their pyrolysis products (A) under Ar to 1600 °C
for 1h (B) under NH, to 800 °C for 8 h, then under N, to 1600 °C for 1 h

CER-DECA Polymers SINCB Ceramics® SiNCB Ceramics®
Entry CER:DECA | reaction | elemental char elemental density| char elemental density
(2) time(h) | composition |yield(%) compaosition gient’ | yield(%) composition glem’
S 00BoualNo (SiC)00Cas (SisN)10o(BN)ng
CER-DECA-1 | 659 : 0.11 133 Heremten 1 67,7 s 263 | 80.0 i gy 0 242
C sl (Si;N,)o 16(BNYy 00 CrLou(Si0;)% g4
Si; 00Bu1eNs. (Si0); Gy (SisN,), (BN,
CER-DECA-2 | 6.20 : 0.20 109 TSI 907 | Lon-0an 248 | 621 S SR T 2.29
C,.5Hs 5 (Si;N,)y 1 (BN), ), (SiC)y 20(Si0)* 5
R Sil.OﬂBU.BéNﬂ.ﬁ‘) (S]C)l IIOCII.Z(I(SiJNI}O.O? (SiJN-i)! M(BNJ3.33
CER-DECA-3 | 553 : 0.72 78 Cy1oHen 83.7 (BNl S0, o 2.28 90.5 (SiC)y (SION™ 2.15
Si;noBi 26Ny (SiC).00Co.30(BN) (Si;NL ) o BN)
CER- _4 5 : . 2 1.004+1.294N0.73 i N 1.00™~0.30' 1.10 . , 34N 4.60 .
DECA 80 : 1.50 03 CyoHy s 81.1 (Si02)*sm 2.30 93,7 (SICh 1fSiO) cs 1.92
SijooN, . , (Si3N,), 0 SIC)
CER" 1w e 511 | (SiC), (SiO,)* 321 | 460 Lo 122 2.76
C, 4sHs (S1C)10lSi0,) 016 (810,)*) 2

*Si0, content is calculated based on the assumption that if the total pyrolyses for Si, N, C, B, and H were less than 100%, the difference
was due to oxygen. Thus, the Si0O, contents may be substantially less.
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structure proposed in Scheme 1. For example, the 'H NMR
spectra of the polymers show that the singlet resonance for
the 6,9-BH protons at 4.0 ppm in decaborane has dis-
appeared, consistent with polymer substitution at this cage
position. The FT-IR spectra of CER-DECA-1 showed the
absorptions characteristic of the N-H, C-H, Si-H, and Si-C
functional groups of the CERASET polymer, as well as
absorptions arising from the B-H-B and B-H stretches  the
decaborane fragment. The relative intensities of the two sets
of absorptions varied in the spectra of the other polymers,
according to the relative amounts of incorporated decaborane.
The 'H NMR spectra also show the characteristic resonance
near 6.0 ppm for the vinyl-protons, and the IR spectra
exhibit the vinyl stretching band near 1590 ¢m™'. Thus, both
the 'H NMR and FT-IR studies demonstrate that the vinyl
group in the original polymer has not been hydroborated by
the decaborane fragment. These important functional groups
are needed to crosslink the polymer after processing.

CER-DECA Ceramic Conversion Reactions. The
elemental compositions and crystallinity of the ceramic
materials derived from the CER polymer have previously
been shown to be highly dependent on the pyrolysis
atmospheres and temperatures.” As shown in Table 1, when
the unmodified CER polymer is pyrolyzed under Ar to 1600
°C, amorphous ceramic materials that contain predominantly
SiC are produced. The formation of crystalline fB-SiC is
observed by XRD in these ceramics above 1600 °C.
However, when the unmodified CER polymer is pyrolyzed
under ammonia to 800 °C, then under nitrogen to 1600 °C, a
mixture of crystalline o and $3-Si;N, is the major ceramic
product. Consistent with these results, we have now found
that the CER-DECA polymers can serve as excellent
precursors to ceramics containing predominantly SiC/BN or
Si;N/BN compositions by controlling the pyrolysis
atmospheres.

Black, carbon-rich ceramics composed mainly of SiC and
BN were obtained from the CER-DECA polymers when the
ceramic conversion reactions were performed under an argon
atmosphere. Pyrolyses were carried out with a ramp rate of
10 °C/min until the fumace reached 1600 °C. The furnace
was held at this temperature for 1 h and then allowed to
cool slowly to room temperature. While pyrolysis of the
unmodified CER polymer under these conditions yiclded
SiC ceramics with no retention of nitrogen, the CER-DECA
polymers yielded materials that, although still predominantly
SiC, also contain significant amounts of both boron and
nitrogen. The compositions indicated in Table 1 are consis-
tent with the elemental analyses given in the experimental
section. The XRD spectra (Figure 1a) of the 1600 °C CER-
DECA ceramics confirmed the presence of B-SiC, but
showed no other crytalline species."** Their DRIFT spectra,
however, showed the broad absorptions centered at 1450
and 890 ¢m ", characteristic of boron nitride.®

The CER-DECA polymers also had significantly higher
ceramic yields (68-84%) than that found for the unmodified
CER (51%). The compositions, densities and ceramic yields
of the CER-DECA ceramics could be controlled by altering
the amounts of decaborane contained in the CER-DECA
polymer. Thus, those ceramics derived from the polymers
containing the highest boron contents (CER-DECA-3 and
CER-DECA-4) exhibited the highest BN/SiC ratios, the
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Figure 1. XRD spectra of ceramics derived from modified CER-
DECA-4 palymer: (A) under argon at 1600 °C (B) under NH, at
800 °C at the rate of 5 °Cimin for 8 h followed by pyrolysis
under N, at 1600 °C.

lowest densitics, and the highest ceramic yields. The
decrease in density is consistent with the trend in BN/SIiC
ratios, as the ceramics change from a predominantly SiC
ceramic (density of pure SiC=~3.2 g/cm’}' to that containing
larger amounts of BN (turbostratic BN density=~1.7-2.0 g/
cm’).t The increased char yields of the CER-DECA poly-
mers aver that observed for the unmodified CER (51%) is a
result of both the addition of boron to the ceramic and to a
more efficient crossiinking of the CER-DECA polymers
during their ceramic conversions. The crosslinking reactions
of the CER-DECA polymers probably involve dehydro-
coupling reactions of the B-H groups of the decaborane
cages and retard the loss of polymer fragments. Indeed,
TGA studies under argon (Figure 2) showed that while the
unmodified CER polymer has an initial low temperature
major weight loss of ~45% in the range of 100-300 °C, the
CER-DECA-2 polymer showed essentially no weight change
in this region. Instead, the CER-DECA-2 polymer showed
only a one-step weight loss in the 300-800 °C range to give
a final 89.7% ceramic yield, compared to the final 47%
ceramic yield of the unmodified CER polymer. TGA/MS
studies of CER-DECA-2 showed no elimination of boron-
containing species during the ceramic conversion reaction,
with only hydrogen, methane and ammonia being directly
observed,

Nitrogen-rich, carbon-poor ceramics composed mainly of
Si;N, and BN were obtained in 68-93% ceramic yields from
the CER-DECA polymers when the polymers were
pyralyzed using the procedure described in the experimentai
section under ammonia at 800 °C for 8h, followed by further
pyrolysis t0 1600 °C under nitrogen. Elemental analyses of
the ceramic products confirmed that boron was contained in
all ceramics and that the amount of boron in the ceramic
increased according to the amount in the CER-DECA
polymers. The compositions presented in Table 1 are
consistent with the elemental analyses given in the
experimental section and show that the higher boron content
ceramics have the highest BN/Si;N, ratios and, as a result,
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Figure 2, TGA analyses of (A) CER polymer and (B) CER-
DECA-2 polymer at heating rate of 10 °C/min under flowing
argon.

the lowest densities. As shown in Figure 1b, the XRD
spectra of the 1600 °C ceramic chars showed these materials
to be amorphous, but their DRIFT spectra clearly showed
absorption bands centered at 1450 and 890 cm ™’ that are
characteristic of boron nitride.® Upon heating these samples
to 1800 °C, the XRD spectra showed the crystallization of
both @- and $8-Si,N, and boron nitride.

In conclusion, the work described in this note has clearly
demonstrated that the CER-DECA polymers are important
new precursors to SINCB ceramic materials. They are easily
synthesized and can be used to make a variety of SINCB
compositions by simply altering the polymer composition
and/or the conditions of their ceramic-conversion. This
versatility should now allow the formation of ceramic
materials that have properties tatlored for many
technological applications.

Experimental Section

All synthetic manipulations were carried out using stan-
dard high vacuum or inert atmosphere techniques as
described by Shriver.’

Materials. CERASET™ SN (CER) is a liquid isocy-
anate-modified polysilazane,® that was obtained from Drs.
James Jensen and Alex Lucas at Lanxide Performance
Materials, Inc. Decaborane(l4) {DECA-H) was obtained as
gifts from either Callery Chemical Company (Dr. Joe
Barendt) or Dr. Thomas Baker and vacuum sublimed before
use. Deuterated NMR solvents were purchased from Cam-
bridge Isotope Laboratories and used without further purifi-
cation.

Physical Measurements and Instrumentation.
The "B NMR spectra were obtained at 64.2 MHz and 'H
NMR spectra were obtained at 200.1 MHz on a Bruker AF-
200 spectrometer equipped with the appropriate decoupling
accessories. All "B chemical shifts are referenced to BFy0
(C.Hy), (0.0 ppm) in CDy with a negative sign indicating an
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upfield shift. All 'H chemical shifts were measured relative
to internal residual protons from the deuteriated solvents and
are relative to tetramethylsilane (0.0 ppm). Diffuse-Reflec-
tance Infrared Fourier Transform Spectrometry (DRIFTS) of
the polymers and ceramics were recorded on a Perkin-Elmer
2000 Fourier transform spectrophotometer equipped with a
diffuse-reflectance attachment. Elemental analyses of the
polymers and ceramics were performed at the Nesmeyanov
Institute of Organoelement Compounds (INEOS), Moscow,
Russia. _

Thermogravimetric analysis (TGA) was performed on the
polymers to 1100 °C at a heating rate of 10 °C/min under
flowing argon using a Du Pont 951 Thermogravimetric
Analyzer interfaced to an IBM computer. X-ray powder
diffraction spectra of the ceramic chars were obtained on a
Rigaku Geigerflex X-ray powder diffractometer using Cu-
Ko radiation with a graphite monochrometer.

Bulk polymer pyrolyses were carried out in borasilicate or
mullite pyrolysis tubes using a Lindberg 54000 series tube
furnace with an Eurotherm 818 ‘temperature control unit.
Argon (99.999% pure) and nitrogen (99.999% pure) were
purchased from Airco and passed through a Lab Clear (No,
DGP-250-R1) oxygen scavenger. Ammonia (electronic grade)
was obtained from Matheson and used as purging gas. All
furnace firings to 1800 °C were done in a Lindberg fumace
equipped with Eurotherm temperature controllers. Temper-
atures were monitored by a type K thermocouple below 900
°C and an Ircon Modeline Plus optical pyrometer for
temperatures above 900 °C. The system was controlled with
a CAMILE control system. The densities of the ceramics
were determined by floatation in a mixture of halogenated
hydrocarbons.

Reactions of CER with Decaborane (DECA-H).
In a typical reaction, a CER sample in a 100 mL reaction
flask equipped with a stirring bar and high vacuum stopcock
was purged under a nitrogen atmosphere for 3-4 h. The
DECA-H was added to the flask, which was then seated and
brought in the glove box. The reaction mixture gradually
dissolved to form a yellow to colorless solution depending
on the amount of DECA-H used. The mixture was heated in
an oil bath at 65 °C, as summarized in Table 1. After
removal from the oil bath, the flask was attached to the
vacuum line and frozen at — 196 °C. Evolved hydrogen gas
was measured by expansion into a known volume. The
process was repeated until negligible amounts of hydrogen
was observed. After the reaction, the modified polymers
were isolated as solids following vacuum sublimation of
excess DECA-H from the reaction vessel and were obtained
quantitativly based on the measured amounts of evolved
hydrogen gas. Anal. Found for CER: C, 27.35%; H, 8.51%;
N, 19.50%; Si, 43.86%, CER-DECA-1: C, 27.89%; B,
0.74%; N, 15.61%; Si, 44.36%; H, 7.03%. CER-DECA-2: C,
27.16%; B, 2.41%; N, 16.66%; Si, 43.33%; H, 8.20%. CER-
DECA-3: C, 1831%; B, 12.78%:; N, 13.30%; Si, 38.79%: H,
9.21%. CER-DECA-4: C 1937%; B, 17.49%; N, 12.90%;
Si, 35.24%; H, 821%. NMR data for CER-DECA-1, "B
NMR (4, acetone-dg), — 7.2 (d, B2,4), —20.1 (d, B5,7,8,10),
- 264 (s, B6,9) -42.8 (d, B1,3). '"H NMR (3, acetone-dy),
3.9 (br, Si-CH=CH,), 5.0 (br, Si-H), 4.5 (br, N-H), 3.0 (s,
HB5,7,8,10), 1.0 (br, BH1,3), 0.2 (br, Si-CH;), —0.9 (br,
bridged H). IR data {cm~', KBr) for CER-DECA-L: 3255 (s,
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br) (N-H), 2950 (s) (C-H), 2500 (s) (B-H), 2140 (w), (Si-H),
1910 (w) (bridged B-H), 1700 {m), 1590 (m) (CH=CH,),
1400 (vs, br) (B-N), 1255 (m), 900 (vs, br) (Si-C). Similar
NMR and IR spectra were observed for each polymer, but
with the relative intensities of the spectral features varying
according to the amounts of decaborane incorporated into
the polymer.

Ceramic Conversion Reactions :

Pyrolysis under Aragon. ALO; pyrolysis tubes were
dried by heating at 1600 °C and then cooled under argon.
An aliquot of polymer was weighed into a graphite boat in a
Vacuum Atmospheres drybox and quickly transferred into a
Lindberg tube fumace. After purging the system with argon
for 1 h, the samples were heated to 1600 °C at 10 °C/min
and held for 1 h before cooling to room temperature. After
pyrolysis, all manipulations of ceramics were carried out in
air. Anal. Found for CER: C, 23.57%; N, trace; Si, 63.86%;
H, no.; CER-DECA-1: C, 24.94%; H, 0.36%; B, 1.19%; N,
15.03%; Si, 58.40%; CER-DECA-2: C, 25.35%; H, 0.70%;
B, 3.87%; N, 13.95%; Si, 56.12%; CER-DECA-3: C, 18.45%;
H, 1.28%; B, 11.35%, N, 20.45%; Si, 45.91%; CER-DECA-4:
C, 19.20%; H, no; B, 19.65%; N, 17.75%; Si, 39.82%.

Pyrolysis under Ammonia and Nitrogen. AlO;
pyrolysis tubes were dried by heating at 1600 °C and then
cooled under nitrogen. An aliquot of polymer was weighed
into an alumina crucible in a Vacuum Atmospheres drybox
and quickly transfered into a Lindberg tube fumace. After
purging the system with ammonia for 1 h, the samples were
heated under ammonia to 800 °C at 5 °C/min and held for 8
h before being cooled to room temp. Subsequent pyrolysis at
1600 °C under nitrogen was performed at the rate of 10 °C/
min. After pyrolysis, all manipulations of the ceramics were
carried out in air. Anal. Found for CER, C; 1.08%; H, no; N,
36.96%; Si, 52.65%; CER-DECA-1: C, 6.12%; H, 1.50%; B,
0.89%; N, 35.15%; Si, 49.85%; CER-DECA-2: C, 1.03%; H,
0.29%:; B, 3.81%; N, 37.05%; Si, 52.66%; CER-DECA-3: C,
0.79%; H, 0.24%; B, 10.38%; N, 32.13%; Si, 39.97%; CER-
DECA-4: C, 0.67%; H, 0.22%; B, 17.26%; N, 41.93%; Si,
34.27%.
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