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Three new series of processible polymeric precursors (PIN—HPZ, BCP—HPZ, DEB—HPZ)
to SINCB ceramic materials have been synthesized by reaction of hydridopolysilazane (HPZ)
with the monofunctional boranes, pinacolborane (PIN—H), 1,3-dimethyl-1,3-diaza-2-bora-
cyclopentane (BCP—H), and 2,4-diethylborazine (DEB—H). Polymers can be prepared with
a controllable range of boron contents from ~1 to 5%. Spectroscopic and chemical studies
indicate the boranes are attached to the hydridopolysilazane backbone via B—N linkages
that primarily result from dehydrocoupling reactions. The isolation of small amounts of
trimethylsilane and Me3;SiNH-substituted borane side products (i.e., PIN—NHSiMez;, BCP—
NHSiMe;, DEB—NHSiMej3) from the polymer reactions, as well as from model reactions of
the boranes with hexamethyldisilazane, also suggest borane reactions at the Si—N bonds of
the HPZ backbone lead to some polymer chain cleavage. Consistent with these observations,
combined molecular weight/infrared spectroscopy studies show that although the polymers
are modified throughout the molecular weight distribution, the modified polymers have lower
molecular weights than the starting HPZ, with the highest borane concentrations in the
lower molecular weight fractions. The glass transition temperatures (T,) of the PIN—HPZ
and BCP—HPZ polymers are in the 100—120 °C range, while those of the DEB—HPZ
polymers decreased to as low as 25 °C with increasing modification. The polymers each
showed regions of thermal stability, thus allowing the formation of PIN—HPZ, BCP—HPZ,
and DEB—HPZ polymer fibers by melt spinning. Pyrolysis of these fibers to 1200 °C then
yielded SiNCB ceramic fibers. Studies of the polymer to ceramic conversion reactions showed
the modified polymers yield SiNCB ceramics containing ~1—3% boron at 1400 °C, with the
highest boron contents in the PIN—HPZ derived samples. At 1800 °C, the PIN—HPZ derived
ceramic exhibited improved thermal stability with up to 23% nitrogen contents. In
comparison, the ceramics obtained from unmodified HPZ, BCP—HPZ, and DEB—HPZ
retained less than 4% nitrogen at this temperature. While the BCP—HPZ and DEB—HPZ
derived ceramics showed crystallization properties similar to the ceramic obtained from
unmodified HPZ, the PIN—HPZ derived ceramic was amorphous to 1600 °C and at 1800 °C
showed only weak diffraction from g-SiC.

Introduction

Because of their lightweight and excellent thermal
and oxidative stabilities, silicon carbide (SiC) and silicon
nitride (SizN4), as well as composite SiNC ceramics, are
important structural materials.*®> Recent work,5=21 has
shown the addition of boron to these silicon-based
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materials can result in greatly enhanced ceramic prop-
erties including reduced crystallinity and improved
thermal and oxidative stabilities. These results have
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intensified efforts directed at the design of new proces-
sible polyborosilazane precursors that could allow the
formation of the SINCB ceramics in technologically
useful forms.

In general, two different approaches to the design of
polyborosilazane SiNCB precursors have been explored.
The most common strategy has involved the synthesis
of copolymers with boron-containing units in the poly-
mer backbone via the condensation of boron or borosili-
con compounds with silazanes or amines. Examples
include copolymers formed by the reaction of borazine
with silazanes,!2¢f MeCl,SiC,H4BR, with ammonia, 516
or the condensation of Cl3Si—NHBCI, with aliphatic
amines.1”18 Backbone polyborosilazanes usually give
excellent retention of boron in the pyrolysis products
and allow the formation of ceramic materials with high
boron-to-silicon ratios. However, because these poly-
mers are formed by condensation polymerization, it is
difficult to attain the high molecular weights and
rheological properties that are desired for some applica-
tions.

The second approach to the formation of polyborosi-
lazanes has been to start with a preformed polysilazane,
then use dehydrocoupling or hydroboration reactions to
attach a pendent boron-containing species to the silicon—
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nitrogen backbone. This strategy is particularly useful
for the formation of SINCB materials containing lower
boron-to-silicon ratios. Starting polymer frameworks
have included polysilazanes®7.1011.12a-d 13,1516 and pol-
ysilylcarbodiimides,>16 which have then been modified
with various boron sources including boranes, borates,
BCls, and borazine. An important advantage of this
polymer-modification approach is the ability to start
with a polysilazane polymer with relatively high mo-
lecular weights and tailored processing properties.
However, one problem with pendent polyborosilazanes
has been that further reaction of the pendent groups
can introduce low-temperature cross-linking pathways
which can then degrade the processibility of the new
polyborosilazane.

Regardless of which approach is employed, the design
of new second-generation polyborosilazane precursors
that can produce SiNCB ceramics with the desired
compositions, as well as have the chemical and thermal
stabilities needed for polymer processing, continues to
be a formidable challenge. In this paper we report the
results of our studies, using the polymer-modification
strategy, of the design, synthesis, and ceramic conver-
sion reactions of three new types of processible pendent
polyborosilazane precursors to SINCB ceramic compos-
ite materials.

Experimental Section

All synthetic manipulations were carried out using standard
high vacuum or inert atmosphere techniques as described by
Shriver.?

Materials. Hydridopolysilazane (HPZ) was obtained from
the Advanced Ceramics Program at Dow Corning Corp. and
stored in a desiccator until used. Pinacolborane, (Me,CO),BH
(PIN—H), was prepared as described in the literature? and
purified by vacuum fractionation through a —20, —30, and
—196 °C trap series, with only the material in the —30 °C trap
used in the experiments. The 1,3-dimethyl-1,3-diaza-2-bora-
cyclopentane, (H.CNMe).BH (BCP—H), was prepared as re-
ported?* and purified by vacuum fractionation through a —40,
—78, and —196 °C trap series with only the material in the
—78 °C trap used in the experiments. The B-monoethylbora-
zine, 2-Et—B;3N;zHs (MEB—H), and B-diethylborazine, 2,4-Et,—
BsNs;H, (DEB—H), were prepared as described below. The
purities of the boranes were shown by 'H and !B NMR and
GC/MS to be greater than 99%. Hexamethyldisilazane (HMD)
was purchased from Aldrich Chemical Co. and distilled from
CaH; before use.

Physical Measurements and Instrumentation. Diffuse-
reflectance IR spectra (DRIFT) of the polymers and ceramics
were obtained on Perkin-Elmer 1760 and 2000 Fourier trans-
form spectrophotometers, respectively, equipped with diffuse-
reflectance attachments. The !B NMR at 64.2 MHz and H
NMR at 200.1 MHz were carried out on a Bruker AF-200
spectrometer equipped with the appropriate decoupling ac-
cessories. All !B chemical shifts are referenced to BF3-O-
(CzHs)2 (0.0 ppm) with a negative sign indicating an upfield
shift. All *H chemical shifts were measured relative to internal
residual protons from the lock solvents and are referenced to
Me,Si (0.0 ppm). High-resolution mass spectra were obtained
on a VG Micromass 7070H mass spectrometer. GC/MS
analyses were performed on a Hewlett-Packard 5890 gas
chromatograph equipped with a 5970 Series mass-selective
detector. The composition of each component was established
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both by its observed cutoff and by comparison of the calculated
and observed isotope patterns in the parent and/or fragment
envelopes.

Thermal mechanical analyses were carried out on a Dupont
940 thermal mechanical analyzer interfaced to an IBM com-
puter. Thermogravimetric analyses were obtained on a Per-
kin-Elmer TGA 7 thermogravimetric analyzer using an argon
gas purge. TGA/MS studies were performed on a Seiko
Instruments Model 320 TG/DTA with a Fison Thermalab mass
spectral analyzer. Powder X-ray diffraction spectra of the
ceramic chars were obtained on a Rigaku Geigerflex powder
X-ray diffractometer. Bulk polymer pyrolyses in alumina
pyrolysis boats and tubes were carried out using a Lindberg
54000 series tube furnace with an Eurotherm 818P temper-
ature control unit. Argon gas (99.999% pure), passed through
a LabClear (No. DGP-250-R1) oxygen scavenger, was used as
the purge gas. Bulk polymer pyrolyses using graphite fur-
naceware were carried out in an Astro graphite furnace.
Scanning electron microscopy was performed on a JEOL 6300
electron microscope.

Elemental analyses were performed at the Nesmeyanov
Institute of Organoelement Compounds (INEOS, Moscow,
Russia) and reported as the average of the two determinations.
Densities were measured by floatation in halogenated hydro-
carbons.

Molecular Weight Analysis. Molecular weight distribu-
tion averages were determined by size-exclusion chromatog-
raphy employing in-line viscometric detection (SEC/VISC).
Chromatograms were obtained with a 150-CV SEC/VISC
system (Waters Chromatography) operated at 35 °C.

A bank of four Ultrastyragel SEC columns (Millipore Co.)
with mean permeabilities of 105 104 103, and 102 A was
employed. UV-grade THF (Burdick and Jackson Co.) was used
as the mobile phase. A flow rate setting of 1.0 mL/min was
employed. The actual flow rate was determined gravimetri-
cally before the start of the analysis. An injection volume of
400 uL was used.

Polymer solutions were prepared in a drybox to prevent
hydrolysis. Concentrations of injected polymer solutions were
typically 10 mg/mL. A universal calibration curve was gener-
ated from the DRI chromatograms of 16 nearly monodisperse
(Mw/Mp = 1.1) polystyrene calibrants (Toya Soda Inc. and
Polymer Laboratories Ltd.) ranging in molecular weight from
200 g/mol to 1.1 x 108 g/mol. The Mark—Houwink relationship
needed for the universal calibration was obtained by using the
SEC/VISC system to determine an intrinsic viscosity, [7], for
each calibrant. The resulting Mark—Houwink relationship for
polystyrene in THF at 35 °C was

[7] = 1.2175 x 10 *M°"*2 (1)

where M is the peak molecular weight of the calibrant.

A third-order polynomial was least-squares fitted to the log
hydrodynamic volume versus retention volume data. From
this universal calibration curve, hydrodynamic volume at each
chromatographic data point, ¢i, was determined. Intrinsic
viscosity at the corresponding data point, [7i], was calculated
from the combined outputs of the VISC and DRI detectors
following previously described®> methodology. Prior to these
calculations, DRI and VISC chromatograms were offset to
account for the time delay between the two detectors. Offset
times were obtained from the peak elution times of chromato-
grams for the polystyrene calibrants. A delay time of 5.2 s
was found. Concentrations at each chromatographic data
point, c;, were obtained from the DRI peak height, h;, and the
mass of polymer injected, m:

¢ =m(h)/(v) ) hy (2)

where v; is the incremental volume corresponding to data
point i.
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Molecular weight at each chromatographic point, M;, was
calculated from ¢i and [#i]:

M; = ¢i/lni] ©))

Molecular weight distribution averages, M,, My, and M;, were
obtained by the appropriate summations of M; and c; across a
chromatogram. Reported molecular weight averages are mean
values of two determinations.

Data acquisition and reduction were provided by either a
micro pdp 11/23+ computer (Digital Equipment Co.) or a 486
desktop computer. Data acquisition performed with the 11/
23+ computer employed a modified version of program MOL-
WT3 (Thermo Separations Inc.). Data acquisition performed
by the 486 desktop computer employed the program TRISEC
(Viskotek Corp.). Universal calibration and molecular weight
calculations made with the MOLWT3-acquired data employed
customized software. The same calculations performed with
TRISEC-acquired data employed calculation modules in the
TRISEC software package.

The variation of composition across a polymer molecular
weight distribution was determined by infrared spectroscopic
analysis of collected SEC fractions. The approach employed
was previously described?® for the characterization of copoly-
mer compositional heterogeneity. Specific conditions used in
the present study were as follows: A Model 100 LC-Transform
(Lab Connections Inc.) was placed in-line with the SEC/VISC
system and used to deposit eluting polymer fractions onto a
Ge disk rotating at a constant angular speed of 10°/min. The
deposition was performed by splitting off 15% of the eluting
solution stream and devolatilizing the stream with a 20 psi
flow of He heat to 51 °C. The fractions were deposited around
the circumference of the Ge disk as a continuous polymer film.
The chromatographic conditions used with the LC-Transform
were identical with those used for SEC/VISC molecular weight
analysis described above. The offset between VISC, IR, and
DRI chromatograms was corrected by overlaying the Gramm-
Schmidt reconstructed IR chromatogram and the correspond-
ing VISC and DRI chromatograms for a monodisperse poly-
styrene standard (M, = 207 000 g/mol).

IR spectroscopy was conducted on a Magna 550 (Nicolet
INST. Co.) spectrometer equipped with a DTGS detector, a
KBr beam splitter, and optics for the Model 100 LC-transform.
Each spectrum represented five co-added scans collected at a
4 cm™! resolution. Omnic Series software was used for data
collection.

Synthesis of B-Monoethylborazine (MEB—H) and B-
Diethylborazine (DEB—H). The B-mono- and B-diethylbo-
razine were prepared by the metal-catalyzed hydroboration
of ethylene by borazine, BsNsHsg, using a modification of the
published procedure.?” In a typical experiment, 34.3 g (0.43
mol) of BsN3He?® was vacuum transferred into a 250 mL three-
neck round-bottom flask, equipped with a gas inlet and stirbar,
already containing 0.55 g (0.60 mmol, 0.14 mol %) of RhH-
(CO)(PPhg)s. The flask was maintained at 0 °C as a stream
of ethylene was passed over the solution. When the B NMR
spectrum of the solution showed a 2:1 ratio of the B-ethyl (35.8
ppm) and B—H (31.0 ppm) resonances, the ethylene flow was
stopped and the flask was backfilled with nitrogen. DEB—H
was then separated from the mono- and triethylborazine by
distillation (58 °C/18 mmHg), followed by fractionation through
a —15, —25, and —196 °C trap series, with only the material
in the —25 °C trap (16.1 g, 0.12 mol, 27.4%) used in the
experiments. Smaller amounts of MEB—H were collected in
the —196 °C trap.

Synthesis of Borane-Modified Hydridopolysilazanes
(PIN—HPZ, BCP—HPZ, and DEB—HPZ). In a typical
reaction, a HPZ sample was charged under an argon atmos-
phere into a 100 mL one-piece glass vessel equipped with a

(26) Wheeler, L. M.; Willis, J. N. Appl. Spectrosc. 1993, 47, 1128—
1130.
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Table 1. Synthesis and Polymer Composition

polymer

Ty (°C)

composition

HPZ 87.0

Si1.00N0.91C1.14H4 63

HPZ with Pinacolborane (PIN—H)

polymer HPZ/PIN—-H (g) time (h) at 60 °C yield (g) Ty (°C) composition
PlN*HPZ*l 799/798 2 839 1209 Si1.00N0.9601.00H4.25(C6H12802)0406
PIN—-HPZ-2 7.98/8.00 8 9.15 110.9 Si1.00N0.87C0.83H4.01(CsH12B02)0.13
PIN-HPZ—3 8.00/7.99 24 9.71 102.3 Si1.00N0.90C0.86H3.93(CeH12B02)0.18
HPZ with 1,3-Dimethylamino-2-borocyclopentane (BCP—H)
polymer HPZ/DBP—H (g) time (h) at 100 °C yield (g) Tg (°C) composition
BCP—-HPZ-1 8.25/8.58 27 8.86 121.2 Si1.00N0.67C1.01H4.18(CaH10BN2)0.05
BCP—-HPZ-2 8.04/8.29 70 8.60 123.6 Si1.00N0.95C1.07H4.48(CaH10BN2)0.09
BCP—HPZ-3 8.00/7.86 140 8.74 136.6 Si1.00N0.95C1.02H4.50(CaH10BN2)0.10
BCP—-HPZ—4 5.98/23.27 29 days 7.03 Si1.00N0.94C1.02H4.39(CaH10BN2)0.17
HPZ with Diethylborazine (DEB—H)
polymer HPZ/DEB—H (g) time (h) at 100 °C yield (g) Tq (°C) composition
DEB—HPZ-1 6.60/6.67 8 6.55 78.4 Si1.00No0.73C1.04H4.18(C4H13B3N3)o.02
DEB—-HPZ-2 7.96/8.00 24 8.25 49.7 Si1.00N0.84C1.04H4.25(C4H13B3N3)0.06
DEB—HPZ-3 7.50/7.63 70 8.77 23.0 Si1.00N0.76C0.04H4.20(C4H13B3N3)0.12
HPZ with Pinacolborane (PIN—H) in CgH12
polymer HPZ/PIN—H/CgsH12 (g/g/mL) time (h) at 75 °C yield (g) T4 (°C) composition
PIN—HPZ—-4 8.02/1.48/8.0 96 8.36 96.3 Si1.00N0.94C1.00H4.64(CeH12BO2)0.07
P I N*HPZ*S 528/226/53 96 596 833 Si1400N0.92C1.01H4.27(C6H12802)0.16
PIN—-HPZ-6 4.50/2.89/4.5 96 5.53 76.5 Si1.00N0.97Co.97H4.31(CeH12BO2)0.22

stirbar and high-vacuum stopcock. The borane was added via
syringe under argon to form a clear, colorless solution. The
vessel was then evacuated and sealed. The different mixtures
were heated in an oil bath as summarized in Table 1.
Periodically (~every 2 days) the vessel was removed to the
vacuum line, where it was frozen at —196 °C, and any evolved
hydrogen was measured by expansion into a known volume.
After the reaction, the vessel was opened to the vacuum line
and any volatile materials were vacuum distilled at 95 °C for
6 h. The modified polymers were removed from the reaction
vessel under an inert atmosphere and isolated as clear,
colorless solids. Anal. Found. HPZ, C, 22.69%; H, 7.36%; B,
<0.5%; N, 21.12%; Si, 46.74%; PIN—HPZ-1, C, 24.78%; H,
7.62%; B, 0.96%; N, 20.58%; Si, 42.92%; PIN—-HPZ-2, C,
26.26%; H, 7.67%; B, 1.88%; N, 16.74%; Si, 38.68%; PIN—HPZ-
3, C, 29.23%; H, 7.66%; B, 2.45%; N, 15.66%); Si, 34.85%; BCP—
HPZz-1, C, 22.69%; H, 7.36%; B, 0.88%; N, 21.12%; Si, 43.60%;
BCP—HPZ-2, C, 25.22%; H, 8.01%; B, 1.39%; N, 23.37%; Si,
41.80%; BCP—HPZ-3, C, 25.24%; H, 8.15%; B, 1.64%; N,
23.44%; Si, 40.65%; BCP—HPZ-4, C, 27.25%; H, 8.17%; B,
2.46%; N, 23.85%; Si, 37.38%; DEB—HPZ-1, C, 21.63%; H,
7.22%; B, 1.21%; N, 17.95%; Si, 44.83%; DEB—HPZ-2, C,
23.03%; H, 7.58%; B, 2.84%; N, 21.24%; Si, 42.11%; DEB—
HPZ-3, C, 22.83%; H, 7.90%; B, 5.14%; N, 21.06%; Si, 37.82%.
NMR data for polymer PIN—-HPZ-3: !B NMR (64.2 MHz,
C¢Dg), 24.8 (s); *H NMR (200 MHz, C¢Dg), 5.3 (br, SiH), 1.2
(br, CHg), 0.3 (br, SiCHgz). IR data for PIN—HPZ-3: 3365 (s,
N—H), 2965 (s, C—H), 2945 (s, C—H), 2880 (m, C—H), 2410
(w), 2140, (s, Si—H), 1465 (s), 1440 (s), 1360 (s), 1320 (s), 1300
(s), 1230 (s), 1145 (s), 890 (s), 745 (m, sh), 660 (s) cm™t. NMR
data for polymer BCP—HPZ-3: B NMR (64.2 MHz, C¢Dg),
26.1 (s); *H NMR (200 MHz, C¢Ds), 5.3 (br, SiH), 2.8 (br, CH,
and CHg), 0.3 (br, SiCHj3). IR data for BCP—HPZ-3: 3370 (s,
N—H), 2940 (s, C—H), 2880 (s, C—H), 2845 (s, C—H), 2783 (s,
C—H) 2140 (Si—H), 1675 (w), 1480 (s), 1460 (s), 1400 (s), 1380
(s), 1295 (s), 1275 (s), 1235 (s), 1145 (s), 890 (vs), 745 (m, sh),
660 (s) cm1. NMR data for polymer DEB—HPZ-3: B NMR
(64.2 MHz, C¢Ds), 35.4 (s, 2, BEt), 26.5 (s, 1, BN); *H NMR
(200 MHz, C¢Dg), 5.3 (br, SiH), 4.3 (br, NH), 1.0 (m, CH,, CH3),
0.3 (br, SiCH3). IR data for DEB—HPZ-3: 3480 (m, N—H,
borazine), 3380 (s, N—H, HPZ), 2970 (s, C—H), 2870 (s, C—H),
2150 (s, Si—H), 1470 (s, BN), 1230 (s), 1145 (s), 915 (s), 830
(s), 745 (m, sh), 670 (m) cm~%. Similar NMR and IR spectra
were recorded for each of the polymers prepared with the same
borane with the intensities of the peaks varying according to

Table 2. Polymer Molecular Weights

polymer Mn My M, Muwimn

HPZ 25800 149200 1011592 5.78

Pinacolborane/HPZ Polymers

polymer Mhn Muw M, Mw/Mn
PIN—HPZ-1 6110 84 950 505 300 13.9
PIN—HPZ-2 2655 39 500 271 750 14.88
PIN—HPZ-3 2205 26 350 223 450 11.95
PIN—HPZ—-4 5265 71 150 426 600 13.51
PIN—HPZ-5 4080 32550 149 950 7.98
PIN—HPZ—-6 3935 41 650 228 350 10.58

1,3-Dimethylamino-2-borocyclopenatane/HPZ Polymers

polymer Mn Mw M. Muw/Mn
BCP—HPZ-1 5000 78 600 465 700 17.72
BCP—HPZ-2 1790 33600 210500 18.8
BCP—HPZ-3 1180 61 20 31200 5.19

2,4-Diethylborazine/HPZ Polymers

polymer Mn My M, Mw/Mp
DEB-HPZ-1 3710 69 100 1098 500 18.6
DEB—HPZ-2 3260 36 050 241 400 111
DEB—HPZ-3 2730 28 500 190 650 104

the borane content. All three polymer systems were meltable
and soluble in common organic solvents, including ethers and
hydrocarbons. Additional properties of the modified polymers
are listed in Table 1. Polymer molecular weights are displayed
in Table 2.

The volatile products distilled from each of the reaction
mixtures were separated by vacuum fractionation through a
—20 (PIN products), —30 (BCP products), 0 (DEB products),
—78 and —196 °C trap series, yielding (SiMes)HN-substituted
boranes (highest temperature trap) and unreacted borane (—78
°C trap). In addition, small (~50 mg) quantities of trimeth-
ylsilane were also isolated (—196 °C trap) which were identified
by comparison of their gas-phase IR and mass spectra with
an authentic sample. The identities of the (SiMe3z)HN-
substituted boranes were confirmed by !B and *H NMR, and
GC/MS. PIN—NH(SiMes) (—20 °C trap): !B NMR (64.2 MHz,
CeDs), 24.6 (s); *H NMR (200 MHz, C¢Dg), 1.09 (s, CH3), 0.17
(s, —SiMeg); cutoff m/e 201 (100%, P—CH3). BCP—NH(SiMejy)
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Table 3. Polymer Ceramic Conversion and Composition to 1400 °C

polymer ceramic yield (wt %) composition d (g/cmd)
HPZ 59.6 Si1.00N1.02Co.44 2.37
polymer ceramic yield (wt %) composition d (g/cm?)
PIN—-HPZ-1 62.5 Si100B0.04N0.99C0 50(0.05)%” 2.36
PIN-HPZ—2 60.0 Si1.00B0.10N0.95C0.51(00.12)*” 2.26
PIN-HPZ-3 60.0 Si1.00B0.14N0.98C0.55(00.27)%" 2.18
PIN-HPZ—-4 54.9 Si1.00B0.0sN0.98C0.47(Q0.15)*" 2.34
PIN-HPZ-5 55.7 Si100B0.12N1.07Co 54(00.21)%” 2.35
PIN—HPZ—6 52.8 Si1.00B0.18N1.04C0.56(Q0.35)%" 243
polymer ceramic yield (wt %) composition d (g/cmd)
BCP—HPZ-1 60.4 Si1.00B0.03N1.07Co.49 2.40
BCP*HPZ*Z 577 Si]_.OOB().OAN]_.]_OCO.SO 235
BCP—HPZ-3 60.4 Si1.00B0.0sN1.12Co 52 2.37
BCP—HPZ—4 58.0 Si1.00B0.10N1.13Co.52 2.32
polymer ceramic yield (wt %) composition d (g/cm?d)
DEB-HPZ-1 59.8 Si1.00B0.02N0.99Co.43 2.32
DEB—HPZ-2 57.4 Si1.00B0.08N1.08Co.53 2.38
DEB-HPZ-3 52.9 Si1.00B0.11N1.14Co.44 2.38

(—25 °C trap): B NMR (64.2 MHz, C¢Dg), 25.7 (s); *H NMR
(200 MHz, CgDg), 2.95 (s, CHy), 2.52 (s, CHg3), 0.20 (s, SiMej);
cutoff m/e 184 (70%), 170 (100%). DEB—NH(SiMez) (0 °C
trap): 'B NMR (64.2 MHz, C¢Dg), 35.8 (s, 2), 25.9 (s, 1); *H
NMR (200 MHz, C¢Dg), 4.30 (s, NH), 3.85 (s, NH), 0.99 (m,
CHg), 0.83 (m, CHy), 0.13 (s, SiMej3); cutoff m/e 224 (4%), 209
(100%, P—CHyg).

Reactions of Hydridopolysilazane (HPZ) with Pina-
colborane (PIN—H) in Cyclohexane, CsHi,. In a typical
reaction, a HPZ sample was charged under an argon atmo-
sphere into a 100 mL one-piece glass vessel equipped with a
high-vacuum stopcock and stirbar. Both PIN—H and CsH1.
were then added by vacuum transfer. The flask was sealed,
and upon warming to 25 °C, a clear, colorless solution was
formed. The solution was then heated in an oil bath as
summarized in Table 3. Periodically (~every 2 days), the
vessel was removed to the vacuum line, frozen at —196 °C,
and the evolved hydrogen measured by expansion into a known
volume. At the completion of the reaction, the volatile
products were vacuum evaporated and the remaining clear
solid polymer product was removed under an inert atmosphere.
Anal. Found: PIN—HPZ-4, C, 24.75%; H, 8.06%; B, 1.11%;
N, 19.34%; Si, 40.94%; PIN—HPZ-5, C, 30.13%; H, 7.98%; B,
2.19%; N, 16.49%; Si, 36.07%; PIN—HPZ-6, C, 32.22%; H,
8.17%; B, 2.80%; N, 15.73%; Si, 32.61%. The NMR and IR
spectra for the PIN—HPZ-4, PIN—HPZ-5, and PIN—-HPZ-6
polymers were similar to those of PIN—-HPZ-3, with the
relative intensities of the peaks varying with borane content.
The modified polymers were meltable and soluble in common
organic solvents, including ethers and hydrocarbons. Ad-
ditional properties of the modified polymers are listed in Table
1. Polymer molecular weights are given in Table 2.

Reaction of Hexamethyldisilazane (HMD) with Bo-
ranes. Samples of HMD and each borane were charged under
an argon atmosphere into 100 mL one-piece glass vessels
equipped with high-vacuum stopcocks and stirbars. The
vessels were then evacuated, sealed, and heated at tempera-
tures between 60 and 100 °C. Analysis of the reaction
mixtures by 'H and !B NMR, and GC/MS showed mostly
unreacted borane and HMD. Evaporation of the volatile
reactants left <100 mg mixtures of the (SiMes)HN- and
(SiMes);N-substituted boranes, with the relative amounts
depending on reaction times and conditions: PIN—
N(SiMes)z: B NMR (64.2 MHz, CgDg), 24.8 (s); *H NMR (200
MHz, C¢Dg), 1.02 (s, CH3), 0.36 (s, —SiMes); (cutoff m/e 272,
P—CHj3). BCP—N(SiMe3),: 'B NMR (64.2 MHz, C¢Dg), 27.9
(s); *H NMR (200 MHz, CgDs), 2.95 (s, CHy), 2.51 (s, CH3), 0.19
(s, —SiMej3); (cutoff m/e 257). DEB—N(SiMe3)z: 'B NMR (64.2
MHz, CgDs), 36.6 (s, 2), 24.0 (s, 1); *H NMR (200 MHz, C¢Dg),
4.20 (t, NH), 0.99 (m, CHs), 0.84 (m, CH>), 0.22 (s, SiMes);
(cutoff m/e 296).

Thermolysis of PIN-HPZ-3. A 0.89 g sample of PIN—
HPZ-3 was heated in vacuo at a rate of 2 °C/min to 180 °C in
a one-piece glass vessel open to a —196 °C trap. Volatile
materials (0.02 g) that evolved from the polymer were collected
in the —196 °C trap and determined by 'H NMR to be a 1:2
mixture of PIN—H and PIN—NH(SiMes). Analysis of the white
solid polymeric residue (0.87 g) removed from the flask under
an inert atmosphere (Anal. Found: PIN—HPZ-3A, C, 29.50%;
H, 7.89%; B, 2.30%; N, 11.97%; Si, 37.04%) consistent with a
Si1,00N0,65C0A39H4,00(P|N)o,ls Composition. The H and 2B NMR
and IR spectra of the material are similar to that for PIN—
HPZ-3.

Reaction of Hydridopolysilazane (HPZ) with Mono-
ethylborazine (MEB—H). A 4.56 g sample of HPZ was
charged under an argon atmosphere into a 100 mL one-piece
glass vessel equipped with a stirbar and high-vacuum stopcock.
MEB—H (4.30 g) was added to the vessel under argon, forming
a clear, colorless solution. The vessel was then evacuated at
—196 °C and sealed. The mixture was heated in an oil bath
at 85 °C for 32 h. After the reaction, the vessel was opened to
the vacuum line and any volatile materials were vacuum
distilled away at 95 °C for 6 h. The modified polymer was
removed from the reaction vessel under an inert atmosphere
and isolated as a clear, colorless solid (5.11 g) that was
sparingly soluble in benzene and THF. The elemental analysis
(Anal. Found: MEB—HPZ-1, C, 21.27%; H, 7.68%; B, 7.67%;
N, 2481%, SI, 3608%) is consistent with a Si1‘00N0,83C1,01H4A27-
(MEB)o.1s composition. NMR data for the soluble portion of
polymer MEB—HPZ-1: B NMR (64.2 MHz, C¢Dg), 36.0 (s,
BEt), 30.3 (br d, B—H), 25.6 (br, B—N); *H NMR (200 MHz,
CsDs), 5.3 (br s, SiH), 4.3 (br, NH), 1.0 (m, CH_, CH3), 0.3 (br,
SiCH3). Molecular weights for the soluble portion of MEB—
HPZ-1 could not be accurately determined.

Reaction of DEB—HPZ-3 with Monoethylborazine
(MEB—H). A 1.10 g sample of DEB—HPZ-3 was charged
under an argon atmosphere into a 100 mL one-piece glass
vessel equipped with a high-vacuum stopcock and stirbar. The
flask was evacuated and 1.83 g of MEB—H was vacuum
transferred into the flask at —196 °C. The flask was then
sealed and brought to room temperature to form a clear,
colorless solution. The reaction was heated at 75 °C for 16 h.
Any volatile materials were then distilled from the reaction
mixture at 95 °C for 6 h. The white polymeric solid (0.76 g)
was removed from the flask under an inert atmosphere and
was found to be soluble in ethers or hydrocarbons. The
elemental analysis (Anal. Found: DEB—HPZ-3.2, C, 20.69%;
H, 7.93%; B, 10.07%; N, 23.56%); Si, 31.57%) is consistent with
a Si1_00N0_73Co_92H4_11(DEB)o_lz(MEB)O_og composition. NMR data
for polymer DEB—HPZ-3.2: B NMR (64.2 MHz, C¢Dg), 35.6
(s, BEt), 30.2 (d, B—H), 25.6 (s, BN); *H NMR (200 MHz, C¢Ds),
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5.3 (vbr s, SiH), 4.7—4.1 (br, NH), 1.0 (m, CH_, CHj3), 0.3 (br,
SiCHj3).

Crystallographic Data. A single crystal of SiMes;—NH—
PIN (1) C9H16BNO,Si was mounted inside a capillary tube
which was then sealed with glue and mounted on the diffrac-
tometer.

Collection and Refinement of the Data. X-ray intensity
data were collected on an MSC/RAXIS llc area detector
employing graphite-monochromated Mo Ko radiation (A =
0.710 73 A) at a temperature of 195 K. Indexing was per-
formed from a series of 1° oscillation images with exposures
of 8 min/frame. A hemisphere of data was collected using 10°
oscillation angles with exposures of 8 min/frame and a crystal-
to-detector distance of 82 mm.

Solution and Refinement of the Structure. The oscil-
lation images were processed using bioteX,?® producing a
listing of unaveraged F? and o(F?) values which were then
passed to the teXsan®® program package for further processing,
structure solution, and refinement on a Silicon Graphics Indigo
R4000 computer. The intensity data were corrected for
Lorentz and polarization effects, but not for absorption. The
structure was solved by direct methods (SIR92). Refinement
was by full-matrix least-squares techniques based on F to
minimize the quantity Sw(|F,| — |F|)? with w = 1/0%(F). Non-
hydrogen atoms were refined anisotropically and hydrogen
atoms were refined isotropically.

Supplementary Table S.1 lists cell information, data collec-
tion parameters, and refinement data. Final positional and
equivalent isotropic thermal parameters are given in Table
S.2. Anisotropic thermal parameters are in Table S.3. Tables
S.4 and S.5 list bond distances and bond angles.

Fiber Spinning. Polymer fibers were formed by extruding
polymer melts from a crude ram extruder built from a 2 mL
Micro-Mate luerlock glass syringe with a 21 G needle. The
syringe was charged with ~1 g polymer powder under an inert
atmosphere and then loaded into an aluminum heating block.
The heating block was warmed at 100—120 °C while pressure
was applied to the piston. Fiber draw-down and takeup onto
a polyethylene drum 10 cm in diameter were achieved with a
variable-speed motor controlled by a Variac. Take-up rates
of ~30 m/min produced continuous polymer fibers ~30—40 um
in diameter. After a brief cure with HSIiCls, followed by moist
air, the fibers were pyrolyzed to 1200 °C under an inert
atmosphere to produce intact black ceramic fibers 30 um in
diameter.

Ceramic Conversion Reactions. 1400 °C pyrolyses
(Al,O3 tube furnace). Alumina tubes were dried by heating
to 1400 °C and cooled under argon. Polymer samples of 1-2
g were weighed under argon, transferred into alumina boats,
and placed in the pyrolysis tube. After purging the system
with argon for 30 min, the samples were heated at 10 °C/min
to the final temperature and then held for 1 h before cooling
to room temperature. After pyrolyses, all manipulations of

ceramics were carried out in air. Anal. Found: HPZ, C,
10.92%; N, 29.67%; Si, 58.31%; PIN—HPZ-1, C, 12.26%; B,
0.95%; N, 28.07%; Si, 57.11%; PIN—HPZ-2, C, 12.14%; B,
2.08%; N, 26.35%; Si, 55.56%; PIN—HPZ-3, C, 12.15%; B,
2.76%; N, 25.23%; Si, 51.86%; PIN—HPZ-4, C, 11.14%; B,
1.19%; N, 27.18%; Si, 55.73%; PIN—HPZ-5, C, 11.92%; B,
2.42%; N, 27.63%; Si, 51.81%; PIN—HPZ-6, C, 11.83%; B,
3.42%; N, 25.52%; Si, 49.31%; BCP—HPZ-1, C, 12.01%; B,
0.65%; N, 30.67%; Si, 57.62%; BCP—HPZ-2, C, 12.20%; B,
0.97%; N, 30.94%; Si, 56.82%; BCP—HPZ-3, C, 12.54%; B,
1.08%; N, 31.33%; Si, 56.05%; BCP—HPZ-4, C, 11.77%; B,
2.11%; N, 29.60%; Si, 52.72%; DEB—HPZ-1, C, 10.66%; B,
0.53%; N, 28.51%; Si, 57.58%; DEB—HPZ-2, C, 12.68%; B,
1.62%; N, 29.89%; Si, 55.68%; DEB—HPZ-3, C, 10.46%; B,
2.31%; N, 31.29%; Si, 55.21%. All ceramics pyrolyzed to 1400

(29) Chen, D.; Day, C. L.; Ferrara, J. D.; Higashi, T. L.; Pflugrath,
J. W.; Santarsiero, B. D.; Swepston, P. N.; Troup, J. M.; Vincent, B.
R.; Xiong, L. bioteX: A Suite of Programs for the Collection, Reduction
and Interpretation of Imaging Plate Data; Molecular Structure Corp.:
The Woodlands, TX 77381, 1995.

(30) teXsan: Single-Crystal Structure Analysis Software, Version
1.7, Molecular Structure Corporation, The Woodlands, TX 77381, 1995.
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Table 4. High-Temperature Ceramic Compositions

temp ceramic d
(°C) yield (wt %) composition (g/cm3)
HPZ

1400 62.0 Si1.00N1.00Co0.44 2.36

1800 51.5 Si1.00C0.94No0.03 2.32
PIN-HPZ-3

1400 59.1 Si1.00B0.15N1.02C0.67(Q0.26)%" 2.30

1600 58.6 Si1.00B0.16N1.01C0.67(00.24)%” 2.26

1800 53.7 Si1,ooBo,lgNo,91Co,58(Oo,28)37 2.45
BCP—HPZ-4

1400 61.3 Si1.00B0.00N1.10Co.65 2.38

1600 57.9 Si1.00B0.0sN115Co.63 2.36
DEB—-HPZ-1

1600 57.9 Si1.00B0.07N0.92Co.61 2.20

1800 45.8 Si1.00B0.04N0.0sCo.86 2.30

°C were black and glassy. Additional properties of these
ceramics are presented in Table 3.

High-Temperature Pyrolyses (Graphite Furnace). For
bulk conversions in graphitic environments, aliquots of the
polymer were weighed into a graphite crucible and placed into
an Astro graphite furnace. The furnace was then evacuated
to less than 1078 Torr and refilled with argon. The samples
were heated at a rate of 10 °C/minute to the final temperature
and held 1 h before cooling. Anal. Found: 1400 °C: HPZ, C,
10.99%; N, 29.10%; Si, 58.16%; PIN—HPZ-3, C, 14.37%;
2.83%; N, 25.42%; Si, 49.92%; BCP—HPZ-4, C, 14.01%;
1.85%; N, 27.63%; Si, 50.58%; DEB—HPZ-1, C, 15.02%;
1.35%; N, 23.44%; Si, 57.67%. 1600 °C: HPZ, C, 13.01%;
26.22%; Si, 56.94%; PIN—HPZ-3, C, 14.41%; B, 3.12%;
25.40%; Si, 50.26%; BCP—HPZ-4, C, 14.37%; B, 1.77%;
30.27%; Si, 52.96%; DEB—HPZ-1, C, 14.44%; B, 1.41%; N,
25.27%; Si, 55.28%. 1800 °C: HPZ, C, 28.81%; N, 1.0%; Si,
71.66%; PIN—HPZ-3, C, 14.81%; B, 3.58%; N, 22.97%; Si,
50.62%; BCP—HPZ-4, C, 28.40%; B, 2.29%; N, 4.78%; Si,
50.92%; DEB—HPZ-1, C, 24.44%; B, 1.10%; N, 1.50%; Si,
66.73%. The ceramics derived from the modified polymers
were black and glassy up to 1600 °C, and gray-green at 1800
°C. The ceramics derived from unmodified HPZ became
yellowish-green above 1400 °C. Additional properties of these
ceramics are presented in Table 4.

ZZZZwmw

Results and Discussion

Polymer Synthesis and Spectroscopic Charac-
terization. Hydridopolysilazane (HPZ) is a well-
established3! polymeric precursor to SiC/SizN,4 ceramic
materials, including ceramic fibers, and is an ideal
starting material for the formation of new processible
polyborosilazane precursors to SINCB materials. The
polymer is prepared by the reaction of Cl3SiH with (Mes-
Si);NH and is obtained as a clear, colorless solid.
Molecular weights of the lot used in these studies (M,
= 25,800; My, = 149 200; M, = 1 011 592) are typical of
other HPZ lots. The polymer has a general composition
of (HSi)o,33(MEsSi)o_17(NH)o_33No,17, consistent with ap-
proximately 11 mmol/g of N—H sites on the polymer
backbone, thus providing a significant number of po-
tentially reactive sites for the attachment of pendent
groups. HPZ is soluble in both polar and nonpolar
organic solvents and shows no appreciable reactivity to
dry air at ambient temperature. Exposure of the
polymer to moisture does result in an increase in
molecular weight concomitant with the liberation of
ammonia.

(31) Legrow, G. E.; Lim, T. F.; Lipowitz, J.; Reaoch, R. S. Am.
Ceram. Soc. Bull. 1987, 66, 363—367.
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We have already demonstrated'?2=d¢ HPZ can be
readily modified by reaction with borazine, BsN3Hs, to
produce new hybrid (B—HPZ) polymers in which pen-
dent borazine rings are bonded to the polysilazane
backbone via B—N linkages. The borazine-modified
hydridopolysilazanes can be prepared with relatively
high molecular weights (M, = 5 000—24 000), and
controllable boron contents (2—17%):

HB S—/BH
SiMes N
HPZ Borazine
$ ’
A Si— N Si—N
R | +Hy 4
B SiMe
HI\II ~ riJH
HB 7 BH
H
B-HPZ

The B—HPZ polymers are excellent precursors to
SiNCB materials and have properties suitable for their
use in the formation of ceramic matrix materials and/
or coatings. However, due to the latent reactivity of the
B—H groups on the pendent borazinyl rings, the B—HPZ
polymers continue to react and build molecular weight
during melt processing, as shown in eq 5. Therefore,
the B—HPZ polymers are not suitable for processes that
require stable melt viscosities, as, for example, in the
generation of polymer fibers by melt-spinning.

$ y
WEI_TWSI_T
B SiMe,
HN~INH 3 H H
| O | A Si—NAnrSi—N
D o Gl NS
Nwﬁl—,rmm?— | H — HN/B\NH SiMeg
(@]
B SiMe, % B BH
B+ Nl
AN OO STV BV
it +H, (5)
HB &—/BH | %
u _B. SiMe3

The key to utilizing modified-HPZ polymers for such
demanding applications as melt-spinning is to eliminate,
or inhibit, any polymer cross-linking reactions involving
the pendent groups. One way to control the dehydro-
coupling reactions that result in cross-linking is to
remove any B—H groups on the pendent borane units.
With this goal in mind the design and synthesis of
second-generation HPZ polymers derived from mono-
functional boranes were investigated. There are a
number of monofunctional boranes that could poten-
tially be useful for the functionalization of HPZ; how-
ever, the ideal pendents must be stable to the required
processing conditions and should be relatively easy to
prepare, handle, and purify.

While a number of monofunctional boranes were
investigated, the three-ring systems shown below, pi-
nacolborane (PIN—H), 1,3-dimethyl-1,3-diaza-2-boracy-
clopentane (BCP—H), and 2,4-diethylborazine (DEB—
H), provided the best balance of the required properties:

All three boranes may be readily synthesized. PIN—
H® and BCP—H2% may be prepared by reacting BH3--
THF with pinacol or N,N’-dimethylethylenediamine,

Wideman et al.

o ﬁ"'s Et H

(HaC)zC/ \ HZC/ \ /B_N\
BH | BH HN O BH

(HSC)ZC\O/ HZC\N/ \B_N/

CHy Et H

PIN-H BCP-H DEB-H

respectively. DEB—H may be synthesized by the cata-
lyzed hydroboration of borazine, BsNsHg, with ethylene,
as described in the Experimental Section. Many mono-
functional boranes are unstable toward disproportion-
ation, redistribution, isomerization, or elimination re-
actions,3233 put the PIN—HPZ, BCP—HPZ, and DEB—
HPZ do not decompose under the conditions required
for polymer modification or subsequent polymer pro-
cessing.

The three boron-modified polymers, PIN—HPZ, BCP—
HPZ, and DEB—HPZ, were readily prepared by heating
solutions of HPZ dissolved in each borane at 60—100
°C. For example, in a typical preparation of PIN—HPZ-
3, an 8.00 g (90.4 mmol of N—H sites) sample of HPZ
dissolved in 7.99 g (62.5 mmol) of PIN—H was heated
at 60 °C for 24 h. After vacuum evaporation of the
volatile materials, the modified polymer was removed
from the reaction vessel under an inert atmosphere and
isolated as a clear, colorless solid. Elemental analysis
of PIN—HPZ-3 is consistent with a (HSi)o 33(Me3Si)o.15-
(NH)0.24No.13(PIN)o.09 composition. The BCP—HPZ and
DEB—HPZ polymers were prepared in a similar fashion,
but required longer reaction times (up to 29 days), and
higher temperatures (100 °C), as summarized in Table
1. All three polymer systems were soluble in common
organic solvents, including ethers and hydrocarbons.

As seen in Table 1, the degree of modification could
be easily controlled by the duration of the reaction, with
typical boron contents of ~1—3%. The higher reactivity
of pinacolborane allowed the preparation of PIN—HPZ
polymers by reacting PIN—H with 1 g/mL solutions of
HPZ in cyclohexane, yielding polymers PIN—HPZ-4,
PIN—HPZ-5, PIN—HPZ-6. As outlined in Table 1, the
boron contents of 1—3% could be controlled by varying
the amount of the PIN—H added to polymer solution.

In all three polymer systems, increases in the boron
content were accompanied by stoichiometric increases
in the carbon and hydrogen contents owing to the alkyl
groups on the borane rings. In addition, the DEB—HPZ
polymers showed the expected increase in nitrogen
content owing to the borane ring nitrogens. Oxygen
content, as determined by difference, paralleled changes
in boron content in the PIN—HPZ polymers.

In each system, hydrogen was evolved in an almost
1:1 molar ratio with the amount of incorporated borane
suggesting dehydrocoupling is the dominant means of
modification. Spectroscopic studies indicate, as was
proposed!?2—d for the B—HPZ polymer, that borane

(32) See, for example: (a) Hughes, R. L.; Smith I. C. Lawless, E.
W. In Production of the Boranes and Related Research; Holzmann, R.
T., Ed.; Academic Press: New York, 1967, Ch. 3. (b) Pelter, A.; Smith,
K.; Brown, H. C. Borane Reagents. Academic Press: New York, 1988,
Part 3. (c) Pasto, D. J.; Balasubramaniyan, V.; Wojtkowski, P. W. Inorg.
Chem. 1969, 8, 594—598.

(33) Indeed, several other common monofunctional boranes, includ-
ing catecholborane, 1,3-diaza-2-boracyclohexane and 9-BBN were found
to undergo such side reactions during the modification of HPZ.
However, a number of new, thermally stable dioxaborinanes and
dioxyboralanes have been recently reported. See: Lang, A.; Noth, H.;
Thomann-Albach, M. Chem. Ber. 1997, 130, 363—369.
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Figure 1. Infared spectra of (a) HPZ, (b) PIN—HPZ-3, (c)
BCP—HPZ-3, and (d) DEB—HPZ-3.

modification of the polymer occurs via the creation of
B—N linkages:

H
A §i— N S§i—N

/
H SiMe3 R
HPZ PIN-H, BCP-H, DEB-H
(6)
R R
N
T/
WA §i— NN Si—N + H2
|
SiM
B s
R R

Consistent with the proposed means of polymer
modification, no B—H stretching absorptions were ob-
served in the IR spectra (Figure 1) of the modified
polymers. A decrease in the polymer N—H (3480 cm™1)
stretch was observed with increasing boron content in
each system, due to the dehydrocoupling reaction given
in eq 6. In addition, the borazine B—N (1410 cm™1) and
N—H stretches (3500 cm™1), increased upon modification
in the DEB—HPZ. Changes in the structure of the C—H
peak were also noted upon modification with each
borane.

The B NMR spectra of the polymers (Figure 2a)
show singlet resonances in place of the doublet reso-
nances (B—H group, Jg-n ~100 Hz) observed in the
starting boranes (Figure 2c). Furthermore, these reso-
nances are shifted upfield ~3 ppm, from the 28—31 ppm
range found in the unreacted boranes to 25—27 ppm in
the modified polymers consistent with amino substitu-
tion at the boron.3* Similar shifts in the 1B resonances
relative to the unreacted boranes were observed in
the (SiMez)NH-substituted boranes (Figure 2b) and
(SiMegz),N-substituted boranes (Experimental Section),
as well as for the resonances of the polymer bound boron
atoms in the B—HPZ polymers.122-d The 1H NMR

(34) (a) Gaines, D. F.; Borlin, J. In Boron Hydride Chemistry;
Muetterties, E. L., Ed.; Academic Press: New York, 1975; pp 245—
246. (b) Noth, H.; Wrackmeyer, B. In Nuclear Magnetic Resonance
Spectroscopy of Boron Compounds; Springer-Verlag: New York, 1978;
pp 188—196.
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Figure 2. 1B NMR spectra of (a) PIN—HPZ-3, (b) PIN—NH-
(SiMe3), and (c) PIN—H (pinacolborane).

spectra of the modified polymers show broad borane—
alkyl resonances, as well as the broad peaks character-
istic of HPZ (5.3 and 0.3 ppm). Consistent with the
singlets observed in the 1B NMR spectra, no B—H
resonances were observed in the 'H NMR spectra.

Small amounts of trimethylsilane (~50 mg/8 g of HPZ
used in the reaction) and (SiMe3)NH-substituted bo-
ranes were isolated (see Experimental Section) as
byproducts of the reactions of HPZ with each borane.
This suggests an alternate route for forming borane—
HPZ linkages via Si—N cleavage of pendent —SiMe3
groups (egs 7 and 8).

H H
Nwai—NvaSi—l\‘l + HSiMe; (1)

A b B

NHSiMe 3

AN ®)

Although BCP—NHSiMe3z and DEB—NHSiMe3 are
liquids at room temperature, PIN—NHSiMe3 (1) is a
crystalline solid with a melting point of ~25 °C, enabling
the determination of its structure (Figure 3) by low-
temperature single-crystal X-ray diffraction. This com-
pound serves as a model for the polymer-bound PIN.
The chemical shifts of the singlet 1B resonances ob-
served in the NMR spectra of the (SiMe3)NH-substi-
tuted boranes (Figure 2b) range from 24 to 26 ppm and
are similar to those observed in the modified polymer,
again suggesting amino substitution of each borane
upon polymer modification.

Molecular Weight Studies. SEC/VISC chromato-
grams for HPZ and modified-HPZ were typically mul-
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Figure 3. ORTEP drawing of the molecular structure of PIN—
NH(SiMes3).
72
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Figure 4. DRI chromatograms of (a) HPZ, (b) PIN—HPZ-1,
(c) PIN—HPZ-2, and (d) PIN—HPZ-3.

timodal, indicating heterogeneous chain/cage structures
and/or compositional heterogeneity. As summarized in
Table 2, increasing functionalization decreased polymer
weight, suggesting chain degradations. The nature of
the chain degradation was investigated with the aid of
the representative peak-normalized DRI chromato-
grams shown in Figure 4. The high molecular weight
region of HPZ, corresponding to retention times between
27 and 35 min, was severely reduced in intensity
relative to later eluting, lower molecular weights fol-
lowing functionalization, supporting the proposed side
reactions of Si—N bond cleavage leading to chain
degradation, as shown in eqs 7 and 8. It is also possible
that the lower molecular weight, less branched/caged
HPZ chains have a higher reactivity toward PIN—H.

Further insight into the reactions of the boranes with
HPZ during modification was provided by recording IR
spectra across the size-exclusion chromatograms of the
polymers. Prior to IR analysis of functionalized HPZ
polymers, the IR spectra shown in Figure 5, were
obtained for the HPZ parent polymer at the representa-
tive elution times indicated in Figure 6. These retention
times corresponded to a range in molecular weight from
680 800 to 4900. Little qualitative variation is observed
in the relative intensities of the characteristic vn-n,
vc—n, and vsi—y vibrational bands, suggesting composi-
tional homogeneity over this molecular weight range.
Measured intensity ratios of vsi—n t0 vN—n (Vsi—H/VN-H)
at representative retention times were nearly constant
(2.88 +0.04). This small variation in the intensity ratio
is consistent with little or no compositional variation
across the polymer molecular weight distribution.

It was also noted that, unlike the higher frequency
functional group absorption bands, subtle intensity
changes in the fingerprint region of the IR below 1000

Wideman et al.

Si-CH, Str

Si-H Str

40.0min

35.3min

33.4min

31.1min

3doo 2§00 1d00

Wavenumbers

Figure 5. Stacked IR spectra for HPZ at the retention times
marked with arrows in Figure 6.

27 9

54 -

-81

-108+

Response (mV)

-1354

T T T T
20.0 26.0 320 380 44.0 50.0
Retention Time (min)

Figure 6. Overlaid peak normalized DRI chromatograms for
(1) HPZ, (2) PIN—HPZ-3, and (3) DEB—HPZ-3. Arrows indi-
cate retention times at which IR spectra were recorded. The
indicated positions correspond to retentions of 31.1, 33.4, 35.3,
38.1, and 40 min.

cm~! were observed (see Figure 5). A complete assign-
ment of this region was beyond the scope of this study,
but it is plausible to interpret the observed variability
as the result of structural changes, possibly branching
of the polymer backbone.

The corresponding IR spectra as a function of reten-
tion time for representative polymer PIN—HPZ-3 are
shown in Figure 7. The computed molecular weight
range covered by the selected retention times was
144 900 to 3200. Evidence of PIN addition was con-
firmed by vsi—n/vn—n OVer this range. Its value averaged
for the representative retention times was 3.24 with a
standard deviation of 0.08. The increase of this value
relative to the ratio of 2.28 for HPZ supported the
observations by bulk IR that the N—H stretch decreased
upon functionalization.

It was also found that the average vsi—p/vn-n foOr
PIN—HPZ-3 had a larger standard deviation (0.08) than
the corresponding value (0.04) for HPZ, suggesting more
compositional variation across its molecular weight
distribution than its parent HPZ. However, no clear
trend in vsi—n/vn—n @s a function of retention time was
noted. A better indication of a trend in compositional
heterogeneity was found in a qualitative inspection of
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Figure 7. Stacked IR spectra for PIN—HPZ-3 at indicated
retention times.
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Figure 8. Stacked IR spectra for DEB—HPZ-3 at indicated
retention times.

ve-olvsi—-n. The variation in this intensity ratio indi-
cated an enrichment of PIN content in the lower
molecular weight region of the size-exclusion chromato-
gram. This finding is consistent with modification of
the polymer via Si—N bond formation with chain
cleavage producing a smaller polymer fragment with a
terminal borane.

The analysis of IR spectra for DEB—HPZ-3 in Figure
8 provided similar trends as observed for PIN—HPZ-3.
A molecular weight range of 415000 to 2600 was
encompassed by the selected retention time points. The
vsi—nlvn—n values was 3.38 + 0.19, indicating function-
alization over this molecular weight range. The ratio’s
standard deviation value of 0.19 relative to the 0.04
value of the parent HPZ suggests greater compositional
heterogeneity than in the HPZ or PIN—HPZ polymers.
The overlapping of N—H absorbances from the DEB ring
(3500 cm™1) and HPZ (3480 cm™1) interfered with
guantization of the vsi—p/vn-n as a function of molecular
weight. Qualitatively, however, borane enrichment
could be observed in the lower molecular weight chains
of the polymer.

Melt Spinning Studies. Thermal mechanical analy-
ses (TMA) were used to determine changes in polymer
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rheology following modification and evaluate the three
different polymer systems for melt-spinnability. With
a glass transition temperature (Tg) of 87 °C, and an
onset of weight loss at ~200 °C, the HPZ polymer has
excellent rheology for melt-spinning. Slight increases
in the Ty with modification were observed in the PIN—
HPZ and BCP—HPZ. In the case of BCP—HPZ-4, the
prolonged reaction times and/or more extensive modi-
fication led to a complex softening profile and indiscreet
glass transition temperature.

In DEB—HPZ samples, large decreases in the T4 were
observed upon increasing modification such that DEB—
HPZ-3 was a fluid at room temperature. Although this
may be due to the decrease in molecular weight, the
TMA spectra of the polymers also support the presence
of molecular species which can lower the T4 of poly-
mers.35 It is also possible that the ethyl groups on the
borazine ring serve as plasticizers for the polymer.36

With the controlled cross-linking properties of the
monofunctional boranes, each series of modified poly-
mers was found to be melt-spinnable. Without optimiz-
ing the conditions and using only a glass syringe with
a 21 G luerlock stainless steel needle, continuous fibers
several hundred meters in length were extruded in air.
The polymer fibers were clear, colorless and flexible, but
owing to reaction of the polymer with moisture, uncured
fibers became brittle upon prolonged exposure to air.
Because of the stability of the Ty in the PIN—HPZ
samples, as well as the relatively high boron contents
achieved under mild reaction conditions, the fibers
derived from PIN—HPZ polymers were selected for
further study.

Scanning electron micrographs (Figure 9b) show the
PIN—HPZ polymer fibers are smooth, uniform, and free
of voids, despite the relatively crude apparatus used for
spinning. Typical polymer fibers were 35 um in diam-
eter. The fibers were then cured by brief exposure to
HSiCl; followed by moist air to produce a surface SiO,
layer.3! Pyrolysis under an argon atmosphere at a rate
of 5 °C/min to 1200 °C produced black ceramic fibers
(Figure 9c). The ceramic fibers were dense and rela-
tively uniform, but due to the size of the fibers and
defects induced by the crude conditions used in the
spinning, the fibers were found to be too weak for
mechanical testing. Because strengths are strongly
dependent on the fiber diameter and processing param-
eters, significant increases in ceramic fiber strengths
are expected with the use of a more sophisticated
spinning apparatus and curing procedures.

Ceramic Conversion Reactions. HPZ is an excel-
lent precursor to SiNC and SiC ceramics.3 Pyrolysis
of HPZ to 1400 °C under inert atmosphere produces
black ceramics in ~60% yield with typical compositions
of Si1.00N1.02Co.44 and densities of 2.4 g/cm3.122-d [nitial
crystallization of o-SizN4 in these ceramics is usually
observed near 1400 °C. Above 1600 °C, HPZ ceramics
begin to decompose with loss of nitrogen, and both
o-SizgN4 and §-SiC crystallize. By 1800 °C, nitrogen loss
is complete and only crystalline 3-SiC is observed by
XRD (Figure 10). On the other hand, studies of the

(35) Mark, J. E.; Eisenberg, A.; Graessley, W. W.; Mandelkern, L.;
Samulski, E. T.; Koenig, J. L.; Wignall, G. D. Physical Properties of
Polymers, 2nd ed.; American Chemical Society: 1993; pp 83—85.

(36) Stevens, M. P. Polymer Chemistry: An Introduction, 2nd ed.;
Oxford University Press: New York, 1990; pp 82—83.
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Figure 9. Scanning electron micrographs of (a) polymer fiber
derived from DEB—HPZ-1, (b) polymer fiber derived from
PIN—HPZ-3, and (c) ceramic fiber derived from PIN—HPZ-3
at 1200 °C.

B—HPZ derived ceramics,'22-d as well as other SiINCB
systems,5-20 have demonstrated that as little as ~2%
boron inhibit their decomposition and change their
crystallization behavior. Thus, the B—HPZ derived
SiNCB ceramics are largely amorphous to 1600 °C. At
1800 °C there is still significant retention of nitrogen
with the XRD spectra showing the presence of o-SizNyg,
ﬁ-Si3N4 and ﬂ_SiC_lZa—d

While B—HPZ polymers show initial weight losses due
to cross-linking below 80 °C,12a-d TGA studies (Figure
11) of the PIN—-HPZ, BCP—HPZ, and DEB—HPZ
samples showed a broad weight loss over the 200—800
°C temperature range, very similar to that of the parent
HPZ. Ceramic yields were also similar to HPZ (52—
63%) with little variation with the boron content. TGA/
MS analyses of the volatiles evolved during pyrolysis
showed no differences between the modified and un-
modified polymers. Clearly, the cross-linking reaction
that results in the low-temperature weight loss in the
B—HPZ polymers has been suppressed in the PIN—
HPZ, BCP—HPZ, and DEB—HPZ polymers.

Bulk Ceramic Conversions to 1400 °C. Bulk
pyrolyses in either alumina or graphite furnaces under
argon of 1—2 g samples of the modified polymers to 1400
°C afforded glassy black ceramics in 52—62% ceramic
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Figure 10. Powder XRD spectra of HPZ pyrolyzed to (a) 1400,
(b) 1600, and (c) 1800 °C. (The Al,O3 impurity comes from the
mortar and pestle used to grind the sample.) See the Experi-
mental Section for details of the pyrolyses conditions.
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Figure 11. TGA of HPZ, B—HPZ, PIN—HPZ-2, BCP—HPZ-
2, and DEB—HPZ-2. (10 °C/min, heating rate; argon atmo-
sphere).

yields (Table 3) with average densities of ~2.2—-2.4
g/lcmd. Elemental analyses indicate that boron is re-
tained in all ceramics to 1400 °C, and the amount of
boron varies directly with the degree of modification.
Representative compositions of the PIN—-HPZ-2,
BCP—HPZ-2, and DEB—HPZ-2 derived ceramics are
Si1.00B0.10N0.95C0.51(00.12)3”  Si1.00B0.04N1.10Co.50, and
Si1.00Bo.12N1.07Co.s4, respectively. Typical boron contents
were 0.5 to 3.4%, with the highest boron contents found
in the PIN—HPZ-6 derived sample. Increases in the

(37) Oxygen content calculated by difference.
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Figure 12. Powder XRD spectra of PIN—HPZ-3 pyrolyzed to
(a) 1400, (b) 1600, and (c) 1800 °C. See the Experimental
Section for details of the pyrolyses conditions.

carbon and heteroatom (O or N) contents of the 1400
°C ceramics were observed with increasing polymer
modification.

XRD spectra of the ceramics fired to 1400 °C showed
the materials were amorphous. DRIFT spectra show
no evidence of N—H, C—H, B—H, or Si—H stretches in
the ceramic indicating that polymer decomposition is
complete by 1400 °C. Also absent in the DRIFT spectra
of the 1400 °C ceramics was the characteristic B—N
stretch (1410 cm™1) of boron nitride.

Bulk Ceramic Conversion >1400 °C. Pyrolysis to
higher temperatures produced black, glassy ceramics at
1600 °C and dark gray-green ceramics at 1800 °C. In
contrast, the ceramics derived from HPZ appeared green
at 1600 and yellowish green at 1800 °C. The densities
of all ceramics were 2.2—2.4 g/cm3,

Elemental analyses indicate boron is still retained in
the higher temperature ceramics derived from the
modified polymers with boron contents of 1.4—3.1% at
1600 °C and 2.0—3.6% at 1800 °C, with the highest
boron content being achieved in the PIN—HPZ based
ceramics (Table 4). Small differences in boron content,
however, produced significant changes in ceramic com-
positions and crystallinity. For example, the HPZ,
BCP—HPZ, and DEB—HPZ derived ceramics, as well
as PIN—HPZ based ceramics with low boron contents,
showed almost complete nitrogen loss. Typical composi-
tions of the HPZ, BCP—HPZ, and DEB—HPZ polymers
at 1800 °C are Si1.00C0.94No.03, Si1.00Bo.12No.19C1.30, and
Si1.00B0.04N0.0sCo 86, respectively. Similar to the B—HPZ
polymers,12a-d however, the PIN—HPZ-3 based ceramics
had high nitrogen retention, with 23% nitrogen in the
1800 °C ceramic corresponding to a composition of
Si1.00B0.18N0.91C0.68(00.28).3"

The BCP—HPZ and DEB—HPZ derived ceramics
showed no reduction in crystallinity compared to un-
modified HPZ. On the other hand, PIN—HPZ-3 derived
ceramics were completely amorphous to 1600 °C (Figure
12b) and show only weak diffraction from 5-SiC at 1800
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Figure 13. TMA spectra of (a) DEB—HPZ-3 and (b) DEB—
HPZ-3.2.

°C (Figure 12c).3® The DRIFT spectra of the 1800 °C
PIN—HPZ-3 ceramic clearly showed absorptions (1460
and 910 cm™?) characteristic of boron nitride. While
pure boron nitride would be expected to have crystal-
lized by these temperature, the absence of BN diffrac-
tion in the XRD of the PIN—HPZ-3 ceramic is consistent
with the results from other SiNCB systems.6-20

Conclusions

Because of its established chemical and rheological
properties, the HPZ polymer provides an exceptional
platform for the construction of polyborosilazane poly-
mers with controlled properties. The work described
above has demonstrated a viable design strategy for the
formation of processible SiINCB precursor polymers,
based on the controlled functionalization of HPZ with
pendent groups of suitable compositions and cross-
linking properties. Of the three monofunctional borane-
based systems reported herein, the PIN—HPZ based
ceramics showed enhanced properties similar to those
of the previous B—HPZ ceramics, with both reduced
crystallinities and increased thermal stabilties (up to
1800 °C) compared to the ceramics derived from the
parent HPZ. But most significantly, the PIN—HPZ
polymers, unlike the B—HPZ polymers, are processible
and can be easily melt spun into polymer fibers which
can then be pyrolyzed to SiNCB fibers with retention
of shape.

It has been suggested that in order to achieve the very
remarkable high temperature thermal (>1800 °C) and
oxidative (1200—1600 °C) stabilities that have recently
been reported!>de16c17.18 for some SiNCB materials,
boron contents of 5—17% are necessary. While the
highest boron contents of the PIN—HPZ, BCP—HPZ,
and DEB—HPZ polymers were only ~3%, our prelimi-
nary studies have now shown that the boron content,
as well as the Ty and rheological properties, of these
polymers can be further adjusted by additional reactions
with difunctional boranes, such as monoethylborazine
(MEB—H). For example, when DEB—HPZ-3 was re-
acted with MEB—H, the boron content of the resulting
DEB—HPZ-3.2 polymer rose from 5.1% to 10.1%, and
its T4 increased from 23 to 67 °C. The DEB—HPZ-3.2

(38) It should be noted that the reduction in crystallinity of the
PIN—HPZ ceramics could be at least in part due to the formation of
oxide glasses made possible by the oxygen present in the pinacol
pendents.
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polymer also showed a smooth and discrete softening
profile (Figure 13), suggesting that the MEB—H served
to cross-link the polymer through its two reactive B—H
groups.®® Polymers such as DEB—HPZ-3.2 should be
excellent candidates for high boron content SiNCB
ceramic fibers. We are presently exploring the synthesis
and properties of these “third-generation” SiNCB poly-
borosilazne precursors.

(39) Indeed, when HPZ was modified with neat MEB—H as
described in the Experimental Section, a sparingly soluble gel was
obtained.
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