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ABSTRACT: High-temperature stable siliconborocarbonitride (SiBCN) ceramics produced from single-source preceramic
polymers have received increased attention in the last two decades. In this contribution, soluble and meltable polyborosilazanes
with hyperbranched topology (hb-PBSZ) were synthesized via a convenient solvent-free, catalyst-free and one-pot A, + By
strategy, an aminolysis reaction of the A, monomer of dichloromethylsilane and the Bs monomer of tris-
(dichloromethylsilylethyl)borane in the presence of hexamethyldisilazane. The amine transition reaction between the
intermediates of dichlorotetramethyldisilazane and tri(trimethylsilylmethylchlorosilylethyl)borane led to the formation of
dendritic units of aminedialkylborons rather than trialkylborons. The cross-linked hb-PBSZ precursors exhibited a ceramic yield
higher 80%. The resultant SIBCN ceramics with a boron atomic composition of 6.0—8.5% and a representative formula of
Si;Bg19C121N¢39000s showed high-temperature stability and retained their amorphous structure up to 1600 °C. These
hyperbranched polyborosilazanes with soluble and meltable characteristics provide a new perspective for the design of preceramic
polymers possessing advantages for high-temperature stable polymer-derived ceramics with complex structures/shapes.
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B INTRODUCTION

Polymer-derived ceramics (PDCs) are a class of multifunctional
ceramics synthesized by thermal decomposition of preceramic
polymers, which possess advantages over conventional
polycrystalline ceramics.' > By using a controlled pyrolysis of
preceramic polymers or oligomers containing silicon, nitrogen,
carbon and boron, quaternary siliconborocarbonitride (SIBCN)
ceramics with predefined composition and structure can be
produced. Since the pioneering work of Riedel et al. was
published in 1996,* quaternary SiBCN ceramics have received
increasing attention due to their exceptional high-temperature
stability,>~” creep resistance,” tunable semiconducting behavior
and significant piezoresistivity even at ultrahigh temper-
atures.”'® They are considered as materials for high-temper-
ature microsensors,”’12 microelectronic devices,13 mem-
branes,'* and high-temperature stable ceramic fibers.">'¢

In the SiBCN or SiBC system, boron plays a key role in the
formation of the amorphous structure, retards the decom-
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position of silicon-nitride bonds and reduces the diffusion of
different species involved in the carbothermal reaction at high
temperatures.”'” The macromolecular design and synthesis of
boron-containing preceramic polymers allow the possibility to
tailor their elemental composition and macromolecular
hierarchical structures, which in turn determines and optimizes
the properties of SiBCN ceramics. Various approaches have
been employed to synthesize boron-containing preceramic
polymers, mainly including (i) the aminolysis of boron-
containing monomers possessing B—Cl, B—Br, or Si—ClI
bonds in the presence of ammonia or hexamethyldisilazane
(HMDS),"® (ii) a dehydrogenative coupling reaction of
preceramic polymers with borane derivatives,'”*° and (iii) the
hydroboration of unsaturated groups on preceramic polymers
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with monofunctional, difunctional or multifunctional bor-
anes.”** These boranes mainly contain monofunctional 9-
borabicyclo[3,3,1]nonane (9-BBN) or pinacolborane, difunc-
tional substituted boranes of H,BR (R = organic residue or
halogen atom), and multifunctional B,H, BHj;-donors, and
borazine. For example, ceramic membranes were prepared from
highly processable polyborosilazanes obtained via the hydro-
boration of cyclic silazanes by lowering the reaction temper-
ature.”® If the hydroboration of cyclic silazanes is kept for long,
the polymer solution will become gelation, although there is a
time window for the processing of the polyorganoborosilazane
solution, for example, by the dip-coating of an alumina
substrate inside it.”*

Normally, both the aminolysis polymerization of boron-
containing monomers such as dimethyl etherate trichloroborine
and the hydroboration modification of polysilazane with
multifunctional BH;- donors are not easily controlled, usually
yielding insoluble cross-linked polyborosilazanes.** ¢ With
respect to potential applications as ceramic precursors,
solubility is useful for further processing because the precursors
often need to form complex shapes before they are cross-linked,
pyrolyzed and converted to SiBCN ceramics. In comparison to
their linear counterparts, boron-containing preceramic poly-
mers with hyperbranched topology offer the following
advantages: (i) higher solubility and lower viscosity due to
their compact conformation and decreased interchain entangle-
ments,”’ " (ii) the boron in multifunctional boranes can be
conveniently introduced into the soluble golymers by the so-
called A, + B, (n > 3) approach,>*™® and (iii) the
hyperbranched topology may benefit the homogeneous
distribution of boron on an atomic scale in either preceramic
polymers or pyrolyzed ceramics.”” Thus, fine regulation of the
polymerization is needed to achieve soluble hyperbranched
polymers with a high molecular weight.

For the synthesis of hyperbranched polymers, P. J. Flory
think that only low molar mass products are obtained because
gelation occurs at very low monomer conversions based on two
assumptions: the reactivity of the functional groups remains
constant during polymerization and the reactions do not
involve cyclization.® Actually, the first condensation reaction of
A, and By monomer is faster than the subsequent propagation®
and various cyclic species can be identified using matrix assisted
laser desorption ionization/time-of-flight mass spectrometry
(MALDI-TOE-MS) analysis,** both of which shift the gel point
to higher conversions. If the polymerization process is
regulated, the polymers with hyperbranched topology and
high molecular weight can be achieved.*!

In this contribution, a facile solvent-free, catalyst-free and
one-pot strategy was developed to synthesize hyperbranched
polyborosilazanes (hb-PBSZ) based on the aminolysis reaction
of A, monomers of dichloromethylsilane (DCMS) with B4
monomers of tris(dichloromethylsilylethyl)borane (TDSB) in
the presence of HMDS. The dendritic units in the resulting hb-
PBSZ were identified to be amine-boranes, i.e., aminedialkyl-
borons, rather than trialkylborons, because of the amine
transition reaction. The meltable hb-PBSZ show good solubility
in aliphatic and aromatic solvents such as THF, CDCl; and
toluene. To the best of our knowledge, soluble and meltable
hyperbranched polyborosilazanes have not been reported yet.
When hb-PBSZ with high ceramic yield were pyrolyzed at a
high temperature, quaternary SIBCN ceramics with a uniform
boron dispersion were obtained, which were amorphous even
after being annealed at a high temperature.
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B EXPERIMENTAL SECTION

Materials. Borane dimethylsulfide complex (2.0 M in tetrahy-
drofuran), dichloromethylvinylsilane (DCMVS), dichloromethylsilane
(DCMS), hexamethyldisilazane (HMDZ), and 4-methoxyphenol were
purchased from Alfa Aesar China and used as received. Anhydrous
tetrahydrofuran (THF) was freshly distilled for use under reflux using
sodium/benzophenone.

Synthesis of Tris(dichloromethylsilylethyl)borane (TDSB).
Under an argon atmosphere, a 100 mL flame-dried flask equipped
with a Teflon stir bar, septum, and high-vacuum stopcock was charged
with DCMVS (5.16 g, 35.5 mmol) and cooled down to 0 °C in ice/
water bath. The borane dimethylsulfide solution (5.9 mL, 11.8 mmol)
was added through an argon-purged syringe. The reaction was
conducted at ambient temperature for 24 h with stirring under argon.
For offline NMR characterization, 0.5 mL solution was taken out using
an argon-purged syringe and dried by evaporating solvent through
vacuum (35 °C, 0.04 bar) distillation.

Synthesis of Hyperbranched Polyborosilazane with Si—H
Bonds. For the synthesis of hyperbranched polyborosilazane with Si—
H bonds (hb-PBSZ-SiH), DCMS (1.36 g, 11.8 mmol), HMDZ (15.9
g 98.8 mmol), and the inhibitor 4-methoxyphenol (10 mg) were
added in sequence to the flask containing the TDSB solution at
ambient temperature. The reaction was conducted at 110 °C for 24 h
under reduced pressure (0.1 bar) to remove the small molecular
byproducts of trichloromethylsilane and the residue THF. The
reaction was then heated to 180 °C for 2 h under reduced pressure
to further the reaction and remove byproducts. Finally, yellow glassy
solids were obtained (5.9 g, 65% yield).

Synthesis of Hyperbranched Polyborosilazane with Si—H
Bonds and Vinyl Groups. The synthesis procedure of hyper-
branched polyborosilazane with Si—H bonds and vinyl groups (hb-
PBSZ-SiH-Vi) is similar to hb-PBSZ-SiH. However, the DCMS was
substituted by DCMVS. The products of hb-PBSZ-SiH-Vi were also
yellow glassy solids with a 60% yield.

Ceramics Conversion. Approximately 2.0 g of as-synthesized hb-
PBSZ-SiH or hb-PBSZ-SiH-Vi were transferred into a tube furnace
(GSL-1700X, Kejing New Mater. Ltd., China) for pyrolysis under an
argon stream. The cross-linking reaction was performed at 200 °C
(heating rate: S K/min, holding time: 2 h) followed by pyrolysis at 900
°C (heating rate = S K/min, holding time = 4 h). Afterward the
samples were cooled to ambient temperature. The resulting ceramic
materials were milled into powders for further experiments. The
annealing of pyrolyzed ceramics at different temperatures was
conducted in a tube furnace under a nitrogen stream (heating rate =
3 K/min, holding time = 2 h). For example, the ceramic annealed at
1600 °C was treated at 1100, 1300, 1500, and 1600 °C for 2 h each.

Characterization. Nuclear magnetic resonance (NMR) measure-
ments were carried out on a Bruker Avance S00 spectrometer (Bruker
BioSpin, Switzerland) to collect the 'H, "*C, and ''B spectra. Chemical
shifts are referenced to tetramethylsilane (TMS). "B NMR spectra
were obtained on an NMR spectrometer equipped with the
appropriate decoupling accessories. The ''B chemical shifts are
referenced to BF;-OEt, (0.0 ppm) with a negative sign indicating an
upfield shift.

Fourier transform infrared spectroscopy (FT-IR) measurements
were conducted on an FT-IR spectrophotometer (PerkinElmer, USA).
Raman Spectroscopy studies were performed using a Raman
Microprobe Instrument (Invia, Renishaw, USA) with 514.5 nm Ar*
laser excitation.

Boron elemental analysis of polymers was performed on an
inductively coupled plasma-atomic emission spectrometer (IRIS
Advantage ER/S, Thermo Fisher Scientific, Waltham, USA). The
hb-PBSZs samples were calcinated under 600 °C for 24 h. The chars
were then dissolved in 15 mL of a boiling mixture of nitric acid and
hydrochloric acid (1:3 v/v). Finally, the solution was diluted to 25 mL
with deionized water for determination using a boron standard
solution (1.00 mg/mL).

Size exclusion chromatography (SEC) measurements were
performed on a system equipped with a Waters 515 pump, an
autosampler and two MZ gel columns (10* and 10* A) with a flow rate
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of 0.5 mL/min in THF (HPLC grade) at 25 °C. The detectors
included a differential refractometer (Optilab rEX, Wyatt) and a
multiangle light scattering detector (MALS, Wyatt) equipped with a
632.8 nm He—Ne laser (DAWN EOS, Wyatt). The refractive index
increments of the polymers in THF were measured at 25 °C using an
Optilab rEX differential refractometer.

Thermogravimetric analysis coupled with mass spectrometry was
performed using a simultaneous thermoanalyzer STA 449 F3 coupled
with a quadrupole mass spectrometer QMS 403 C A&olos (Netzsch
Group, Germany) at temperatures ranging between 40 and 1400 °C
with a heating rate of 10 K/min in argon atmosphere (gas flow, 50
mL/min). High-temperature thermogravimetric analysis was con-
ducted on a thermoanalyzer STA 429 CD with a crucible of ZrO,
(Netzsch Group, Germany) at temperatures ranging between 40 and
1800 °C with a heating rate of S K/min in helium atmosphere (gas
flow, 50 mL/min).

Imaging X-ray photoelectron spectroscopy (XPS) measurements
were conducted on a K-Alpha spectrometer (Axis Ultra, Kratos
Analytical Ltd,, U.K.) and the core level spectra were measured using a
monochromatic Al Ka X-ray source (hv = 1486.7 eV). The analyzer
was operated at 23.5 eV pass energy and the analyzed area was 200—
800 ym in diameter. The lowest energy resolution is 0.48 eV (Ag 3dS/
2). Binding energy was referenced to the adventitious hydrocarbon C
1s line at 285.0 eV. The curve fitting of the XPS spectra was performed
using the least-squares method.

Elements analysis of ceramics was conducted at the Shanghai
Institute of Ceramics, Chinese Academy of Science. The silicon and
boron content in the ceramics was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Vista AX, Varian
Corporation, U.S.A.). Before the measurement, the ceramics were
mixed with sodium hydroxide and melted at high temperature and
subsequently dissolved by nitric acid in moderate conditions. The
carbon content was determined by the combustion-coulomb method,
calculating the amount of electric charge during the neutralization of
the solution with unbalanced pH values produced by carbon dioxide
from the combustion of sample in oxygen. The nitrogen and oxygen
content was analyzed by Oxygen-Azote mensuration equipment
(TC600, Leco Co., Ltd., U.S.A.). The measurement grade of each
sample was 10 g.

Powder X-ray diffraction (XRD) measurements were conducted on
an X'Pert Pro Powder diffractometer from PANalytical (Cu Ka
radiation, 40 kV, 40 mA) (PANalytical B.V. Netherlands). The
X’Celerator Scientific RTMS detection unit was used for detection.

Transmission electron microscopy (TEM, FEI Tecnai G2 F30) was
operated at 200 kV, coupled with electron diffraction analysis. A 5 uL
droplet of an ultrasonically dispersed mixture of milled sample and
alcohol (0.02 mg/mL) was dropped onto a copper grid (200 mesh)
coated with carbon film and dried at ambient temperature for 30 min.

Bl RESULTS AND DISCUSSION

Synthesis of Tris(dichloromethylsilylethyl)borane.
The B4 monomer of TDSB was synthesized via a hydroboration
reaction between borane dimethylsulfide complex and DCMVS
(Scheme 1).* The "B and 3C NMR spectra of the resulting

Scheme 1. Synthetic Route for
Tris(dichloromethylsilylethyl)borane from Borane
Dimethylsulfide Complex and Dichloromethylvinylsilane
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TDSB are presented in Figure 1. Compared to the starting
monomer of DCMVS, the characteristic signals of carbons in
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Figure 1. *C NMR spectrum (a) and ''B NMR spectrum (b) of
TDSB dissolved in CDCl;. The stars represent residual THF solvent.

the vinyl groups at 131—138 ppm have completely disappeared.
At the same time, in Figure la, the characteristic signals at 11
and 34 ppm verify the occurrence of the # addition between
borane dimethylsulfide complex and DCMVS. The signals
between 14—19 ppm indicate the existence of ethylene groups
on the TDSB. Additionally, the hydroboration reaction was
verified by the obtained ''B NMR spectrum in Figure 1b. The
appearance of the new peak at 82.9 ppm is assigned to boron
atoms linked to three ethylene groups as depicted in Scheme 1.
These boron atoms were derived from the total hydroboration
between borane dimethylsulfide complex and DCMVS. In
addition to the main peak at 82.9 ppm, two smaller peaks at
50.9 and 29.9 ppm appear, which are respectively attributed to
dialkyl borate and alkyl borate produced by the hydrolysis or
oxidation of TDSB during storage or measurement. Because the
hydrolysis and oxidation of the TDSB occurred even in Schlank
flasks under argon protection, we decided to synthesize the hb-
PBSZ directly by using the TDSB solution.

Synthesis of Soluble Hyperbranched Polyborosila-
zanes. The hyperbranched polyborosilazanes (hb-PBSZ) were
synthesized through an aminolysis reaction between TDSB and
DCMS (or DCMS and DCMVS) in the presence of an
overdose of HMDS. The reaction route is schematically
described in Scheme 2. By regulating the feed ratio of the A,
and B4 monomers and stopping the reaction before it reaches
the gel point, soluble polymers with predefined terminal groups
(Si—H or vinyl) can be obtained; hb-PBSZ with Si—H bonds
(hb-PBSZ-SiH, P1—P2) or both Si—H bonds and vinyl groups

DOI: 10.1021/am509129a
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Scheme 2. Synthetic Route for Soluble Hyperbranched Polyborosilazanes from TDSB, DCMYVS, and HMDS at Temperatures
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(hb-PBSZ-SiH-Vi, P3—P4) were synthesized. They are very
soluble in aliphatic and aromatic solvents such as THF, DMF,
CDCl; and toluene. In addition, they are meltable at 120—150
°C and fiber-like structures can be easily formed. Good
solubility is convenient for subsequent characterization and
processing of shaped patterns or bodies and the meltable
property is helpful in melt spinning for the formation of SiBCN
fibers as shown in Figure S1 (Supporting Information). In
general, hydroboration of borane dimethylsulfide and poly- or
oligo-silazanes with vinyl groups or direct aminolysis of boron-
containing monomers possessing B—Cl bonds always leads to
cross-linked or slightly cross-linked polyborosilazanes. Here,
the hyperbranched topology design of polyborosilazane via a
convenient A, + By strategy gives a strong possibility to extend
the polymeric precursors with soluble and tunable properties.

The '"H NMR spectrum shown in Figure 2a reveals the
existence of Si—H bonds with a J of 4.6—4.8 ppm, vinyl groups
with a 6 of 5.6—6.2 ppm and ethylene groups with a 6 of 0.4—
1.7 ppm in the resulting hb-PBSZ-SiH-Vi (P3—P4). On the
other hand, only the existence of a Si—H bond with a § of 4.6—
4.9 ppm and an ethylene group with a § of 0.7—1.7 ppm in the
resulting hb-PBSZ-SiH (P1—P2) could be confirmed in Figure
2b. The amines on the silazane units and the Si—H bonds were
also confirmed by the peaks at 2110 cm™" in the FTIR spectra
in Supporting Information Figure S2 for all the as-synthesized
polymers (P1—P4). The obtained hb-PBSZ were characterized
by SEC (Figure 3) and shown to possess a number-average
molecular weight (M,) of 2670—7870 g/mol and a
polydispersity index (PDI) of 1.5—1.7 (Table 1). The
molecular weight M, is much higher than that of some
commercial polysilazanes (700—1200 g/mol).*’ Because of this
high molecular weight, the resulting hb-PBSZ are viscous
liquids or elastomer-like states of yellow color.
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Here, the as-synthesized TDSB in solution was directly
employed to synthesize the polymers to avoid atmospheric
moisture. In comparison to the TDSB spectrum in Figure 1b,
no characteristic signal at 52—54 ppm (assigned to dialkyl
borate) was observed in the "B NMR spectrum (Figure 2c).
The signals at 47.85 ppm in Figure 2c clearly indicate that the
boron atoms are. attached to one nitrogen atom and two
ethylene groups.** The dendritic units of these soluble hb-
PBSZ are therefore aminedialkylborons (a type of amine-
boranes) rather than the trialkylboron units obtained after the
aminolysis reaction between TDSB and DCMS as presented in
Scheme 2.

The proposed formation mechanism for the dendritic units
of the hb-PBSZ is shown in Scheme 3. First, when one of the
silicon-chloride bonds of TDSB or DCMS is substituted by an
amine during aminolysis, the decreased electrophilicity makes
the substitution of another silicon-chloride bond more difficult.
Thus, the intermediates tri(trimethylsilylmethylchlorosilyl-
ethyl) borane (TTMCB) and dichlorotetramethyldisilazane
(DCTMSZ) were formed at 110 °C from the aminolysis of
TDSB and DCMS, respectively, accompanied by the
elimination of trimethylchlorosilane. Second, the trialkylboron
in TTMCB will preferably react with the amine in DCTMSZ
rather than the amine in HMDS because of steric hindrance to
form the amine-borane bond in aminedialkylboron. It is well-
known that the amine-borane bond in trialkylboron can be
formed in the presence of amine when catalyzed by thiol at 20—
100 °C.** Here, the reaction was conducted at a higher
temperature of 110—180 °C without the use of catalysts. The
secondary amine group in DCTMSZ is covalently bonded to
the boron atom on TTMCB. Subsequently, the nitrogen—
hydrogen bond and boron—carbon bond are broken and the
hydrogen atoms attached to the ethylene carbons with
minimum steric hindrance, resulting in the formation of the
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Figure 2. 'H and ''B NMR spectra of soluble hb-PBSZ dissolved in
CDCl,. (a) "H NMR spectrum of hb-PBSZ-SiH-Vi (P4), (b) 'H NMR
spectrum of hb-PBSZ-SiH (P1), and (c) "B NMR spectrum of hb-
PBSZ-SiH (P1).

amine-borane bond. Third, the residual silicon-chloride bonds
of TTMCB and DCMS were further aminolyzed at 180 °C to
form the hb-PBSZ through the distillation of volatile
trimethylchlorosilanes and byproducts.

As illustrated in Scheme 2, the dendritic, linear and terminal
units of the hb-PBSZ are aminedialkylborons ((—C,H,),—
B—N=), disilazane —SiRCH;—NH—SiRCH;—) and tri-
methylsilyl groups (—NH—Si(CH,);), respectively. The
presence of aminedialkylborons was confirmed by the
characteristic signals at 47.85 ppm for P1 and 46.92 ppm for
P4 in the ''B NMR spectra shown in Figure 2c and Supporting
Information Figure S3, respectively. Accordingly, the linear and
terminal units of P1 and P4 can also be identified by '"H NMR
characterization, shown in Figure 2a and b. Because the
dendritic, linear and terminal units are characterized via two
different techniques ("'B NMR and 'H NMR), the degree of
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Figure 3. SEC traces (RI signal and representative laser scatting
signals) of the obtained hb-PBSZ samples P2—P4 detected at a flow
rate of 0.5 mL/min in THF at 25 °C.

branchin§ or terminal index of the hb-PBSZ is difficult to
measure.” ~>° However, the single main peak in the B NMR
spectrum suggests a regular hyperbranched topologic structure.

Boron is introduced into the backbone of hb-PBSZ as a result
of the A,+B4 polymerization approach, and its content can be
tuned by varying the feed ratio of TDSB and DCMS. In other
words, hb-PBSZ with differing boron content can be obtained
depending on the amount of TDSB employed. According to
the ICP-AES data, boron is qualitatively detected in all the hb-
PBSZ (P1—P4). However, the detected boron content is lower
than the value calculated from the initial reactant ratio because
the boron is only partially dissolved in the boiling mixture of
nitric acid and hydrochloric acid during the sample treatment in
preparation for the measurement.

It should be noted that some silicon chloride bonds will
remain if the aminolysis reaction is not completed. These are
visible in the TGA-mass spectrum. As shown in Supporting
Information Figure S4, the thermolysis of P2 was accompanied
by a weak evolution of hydrogen chloride (m/z = 36), caused
by the dehydrochlorination of the residual silicon chloride
group in the polymer. However, hydrogen chloride was not
detected for the other three hb-PBSZ (P1, P3, and P4),
indicating that their silicon chloride bonds have been fully
aminolyzed.

Pyrolysis Behavior of Hyperbranched Polyborosila-
zanes. The conversions of the hb-PBSZ to ceramics were
simultaneously investigated by TGA-mass spectrometry. From
the TGA curves in Figure 4, all the hb-PBSZ (P1—P4) without
any cross-linking treatment underwent a rapid thermolytic
degradation in the temperature range of 200—800 °C, after
which the TGA curve almost leveled off. The ceramic yield was
40—50% at a temperature of 1400 °C. The hb-PBSZ-SiH
compounds (P1, P2) show a slightly higher ceramic yield than
the hb-PBSZ-SiH-Vi compounds (P3, P4). However, after the
polymers were thermally cross-linked at 400 °C for 1 h, the
thermolytic degradation of the cross-linked samples only

DOI: 10.1021/am509129a
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Table 1. Main Results of the Polymerization of Hyperbranched Polyborosilazanes®

sample name monomers feed ratio
Hb-Pbsz-Sih-11 (P1) Tsdb + Decms 1:1.05
Hb-Pbsz-Sih-13 (P2) Tsdb + Dcms 1:5.08
Hb-Pbsz-Sih-Vi-13 (P3) Tsdb + Dems + Demvs 1:2.07:1.04
Hb-Pbsz-Sih-Vi-15 (P4) Tsdb + Dcms + Demvs 1:3.49:1.66

main units M, M, PDI
(—C,H,),—B—N= 9640 6310 1.53
—SiRCH;—NH—SiHCH,—
—NH—Si(CH,),
(—C,H,),—B—N= 4700 2910 162
—SiRCH,—NH—SiHCH,—
—NH—Si(CH,),
(—C,H,),—B—N= 4570 2690 1.70
—SiHCH,—NH—SiViCH,—
—NH—Si(CH,),
(—C,H,),—B—N= 12700 7870 161

—SiHCH,—NH—SiViCH;—
—NH—Si(CH,);

“Both the molecular weight (M,,) and the polydispersity index (PDI) were determined by triple-SEC.

Scheme 3. Proposed Reaction Mechanism for the Synthesis of the Soluble Hyperbranched Polyborosilazane hb-PSBZ-SiH
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occurred in the temperature range of 420—800 °C with a yield
of 75—85% at 1400 °C.

Simultaneous TGA and mass spectrometry can help to
reconstruct the reactions during the pyrolysis step. As shown in
Figure S, the thermolysis of the hb-PBSZ in the temperature
range of 200—800 °C was mainly accompanied by the evolution
of H, (m/z = 2), hydrocarbons such as CH,* (x = 2—3, m/z =
14—15) and CH, (m/z = 16), NH* (m/z = 15), NH," (m/z =
16), NH; (m/z =17), H,0 (m/z = 18), and CO (m/z = 28), as
well as a small number of oligomer fragments (m/z = 43—4S5).
The evolution of H,0 and CO is caused by the oxidation of
methyl groups, CH, and H, during pyrolysis. The H, evolution
starting at 500 °C can be linked to the dehydrocoupling
reactions of Si—H and N—H groups, while the NH,*, CH, (m/
z =16) and NHY, CH;" (m/z 15) evolution in the
temperature range of 250—800 °C is from the decomposition
of transamination reactions, Si-CHj groups and the cleavage of
C—C bonds. However, there is no evolution of NH,*, CH, (m/
z =16) and NH*, CH;* (m/z =15) for the cross-linked P1 in
the low temperature range of 250—450 °C. This difference is
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also observed for P3 as shown in Supporting Information
Figure SS and accounts for the high ceramic yields after thermal
cross-linking for all the hb-PBSZ.

In the case of the hb-PBSZ, several factors favor conversion
from organic networks to inorganic ceramics. First, the hb-
PBSZ possesses multiple Si—H, N—H, and vinyl functional
groups. The hydrosilylation between Si—H/vinyl,>' the Si—H/
N-H dehydrocoupling,**** the Si—H/Si-H dehydrocoupling,>*
and the polymerization of vinyl groups> all promote the
formation of highly cross-linked networks during the heating
step. Second, the boron in the backbones of the hb-PBSZ is
able to increase the cross-linking density by promoting the
dehydrocoupling reaction. Third, the hyperbranched structure
is helpful in decreasing volatile fragments resulting from the
backbone cleavage during pyrolysis.”®*” Soluble hb-PBSZ are
therefore very promising for the preparation of thermally stable
SiBCN ceramics.

Pyrolyzed Ceramics from Hyperbranched Polybor-
osilazanes. After pyrolysis of the hb-PBSZ (P1—P4) under a
protective argon atmosphere at 900 °C, bulk ceramic products
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Figure 4. TGA thermograms of representative hb-PBSZ samples of
the polymers P1—P4 measured at a scanning rate of 10 K/min under
an argon atmosphere.
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Figure S. TGA-mass spectrum curves of representative hb-PBSZ
samples of P1 measured at a scanning rate of 10 K/min under an
argon atmosphere.

were formed and labeled as C1, C2, C3, and C4, respectively.
XPS analysis revealed the existence of silicon, boron, carbon,
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nitrogen, and oxygen in the resulting ceramics. The two-
dimensional element images show that boron and silicon are
uniformly dispersed in the SiBCN ceramics. This analysis was
performed with ICP-AES, the combustion-coulomb method
and oxygen-azote mensuration equipment (sample grade = 10
g) as presented in Table 2. The atomic composition of boron is
in the range of 6.0—8.5% and the formulas for C1—C4 are
Si1Bo.19C121N.3900.08) Si1Bo.30C1.51N9.6400.10s
§1B017C1.15N0.410007 and Si;Bg,7C;35N470000) respectively.
It is clear that the boron content is in good agreement with the
boron content of the polymers. The quaternary SiBCN
ceramics from the hb-PBSZ can be compared with the
Si; 0B, 0C4,N, 4 ceramic obtained using the [B-
(C,H,SiCH,NR'),], (C,H, = CHCH, and CH,CH, and R’
—H) preceramic polymer®® and periodic mesoporous
Siy 0B, oC3oN, ¢ frameworks.>

The existence of boron in the quaternary SiBCN ceramics
was further confirmed by the B 1s XPS spectrum in Figure 6.
The deconvolution of the B 1s spectrum (Figure 6e) for Cl
presents three peaks centered at 187.1, 188.5, and 190.1 eV
which are associated with B—B bonding, B—C bonding, and B—
N bonding, respectively, suggesting that these bonds are found
in the ceramics. More detailed information on the ceramic
components was revealed by the XPS spectra. For the ceramics
C1-C4, amorphous silicon nitrides with a Si 2p bonding
energy of 101.7 eV and a N 1s bonding energy of 397.5 eV
were detected along with graphitic carbon with a C 1s bonding
energy of 284.7 eV. Amorphous silicon carbide was also
identified by the C 1s bonding energy of 282.7 eV. In addition
to the graphite-like carbon, carbon attached to oxygen via a
single bond (B.E.=286 eV) was found in the ceramic C4, and
carbon attached to oxygen through a single bond (B.E.=286
eV) and a double bond (B.E.=288.2 V) was found in all
ceramics C1—C4. This type of carbon is usually attributed to a
carbon dioxide contamination on the sample surface that
occurred prior to the XPS measurement.®*®’ Some oxygen
from absorption on the ceramic powder surface prior to the
measurement can also be observed. Due to the silicon oxide on
the surface, there are extra peaks at 103.15 and 530.2 eV in the
Si 2p spectrum, corresg)onding to Si—O, and Ni-Si—O
compounds, respectively.®”

Crystallization and Phase Evolution of the Pyrolyzed
Ceramics. The pyrolyzed ceramics were annealed at high
temperature (1100—1600 °C) in a nitrogen atmosphere to
study crystallization and phase evolution in the presence of
boron. After the annealing, the silicon, carbon, boron and
nitrogen presence in the ceramics was revealed by XPS (Figure
7). As confirmed by the two-dimensional element imaging and
the element mapping, boron and silicon are uniformly
dispersed in the SiBCN ceramics. In Figure 7e, the results of
the deconvolution show that boron atoms are mostly bonded
with N atoms, with the peaks centered at a binding energy of
190.2 and 191.4 eV.

The patterns obtained by powder XRD analysis are
presented in Figure 8. Normally, for amorphous ternary
SiCN ceramics, the transformation of an amorphous into
crystalline material will usually occur at a temperature of
approximately 1440 °C. The incorporation of boron into the
amorphous structure by the thermolysis of boron-containing
precursors is one of the most important ways to change the
crystallization behavior.**** The XRD patterns in Figure 8a and
the TEM image in Figure 9a indicate that the quaternary
SiBCN ceramics of C1—C4 obtained from the pyrolysis of P1—

X
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Table 2. Composition of SiBCN Ceramics Derived from Polymeric Precursors under 900 °C and an Argon Atmosphere

atomic composition (%)

polymer sample ceramic Si® ct
P1 C1 34.80 42.07
P2 Cc2 28.09 42.37
P3 C3 35.81 41.04

N¢ o° B¢ Si—B—C—N-O formula
13.49 3.00 6.60 Si1B0.19C1.21N0.3900.08
18.11 2.92 8.51 $i1B0.30C1.51N0,6400.10
14.66 248 6.00 Si1B0.17C1.1sNo410007

“The content of Si and B was determined by ICP-AES. "The content of C was determined by the combustion—coulomb method. “The content of N
and O was analyzed by Oxygen-Azote mensuration equipment. The measurement grade was 10 g for each ceramic sample.
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Figure 6. XPS imaging spectra for the ceramic material C1 produced
from the precursor P1 and pyrolyzed at 900 °C under an argon
atmosphere. (a) XPS spectrum, (b) Si map from 2D detection, (c) B
map from 2D detection, (d) Si 2p spectrum, (e) B 1s spectrum, (f) C
1s spectrum, and (g) N s spectrum.

P4 at 900 °C are amorphous. When they are annealed at 1100—
1500 °C, they retain their amorphous structures as confirmed
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Figure 7. XPS imaging spectra for the ceramic material C1 after
annealing at 1600 °C in a nitrogen atmosphere. (a) XPS spectrum, (b)
Si map from 2D detection, (c) B map from 2D detection, (d) Si 2p
spectrum, (e) B 1s spectrum, (f) C 1s spectrum, and (g) N 1Is
spectrum.

by XRD (Figure 8b and c). Even when annealed at 1600 °C,
only a few very broad diffraction peaks at 26 = 37°, 60.5°, and
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Figure 8. Powder XRD patterns of the SiBCN multiphase ceramic materials (C1—C4) pyrolyzed at 900 °C (a), annealed at 1300 (b), 1500 (c), and

1600 °C, and (d) placement in a nitrogen atmosphere for 2 h.

Figure 9. Representative TEM micrograph of the SIBCN multiphase
ceramic material C1 pyrolyzed at 900 °C (a), annealed at 1600 °C (b),
an enlarged area (c), and the corresponding fast Fourier transformed
(FFT) pattern (d).

72.5° could be observed (Figure 8d), suggesting the transition
of a few SiC phases from amorphous to ordered structure or
small crystals. However, according to the TEM observation,
there are no periodic structures, at least at the scale of 2—5 nm
(Figure 9b and c). The fast Fourier transformed (FFT) pattern
shown in Figure 9d, where only a few diffraction rings are
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visible, also demonstrates that the amorphous structure of the
quaternary SiBCN ceramics can be mostly retained even when
annealed at 1600 °C. For the quaternary SiBCN ceramics
obtained from cross-linked polyborosilazanes via the hydro-
boration of polysilazanes with H;B-SMe,, similar broad SiC
diffraction peaks can be detected at 1600 °C.*° As a
comparison, for the SIBCN ceramics pyrolyzed from insoluble
preceramic polymers based on boron trichloride, a partial
crystallization begins at 1600 °C as indicated by tiny sharp
peaks appearing at 20 = 28° 47° and 56°. After 6 h of
annealing at 1600 °C, the amorphous structures have been
completely transformed to crystalline states,”* while the
pyrolyzed ceramics produced from hb-PBSZ maintained their
amorphous state up to a high temperature, indicating that
boron has a strong retarding effect on the crystallization of
silicon carbonitrides.

In addition to a retarding of their crystallization, the thermal
stability of SiBCN ceramics produced from hb-PBSZ was
higher than that of SiCN ceramics produced from linear
polysilazanes. As shown in Figure 10, the pure silicon
carbonitride prepared from commercial linear polysilazane at
1100 °C (SiCN-1100 °C) decomposes at approximately 1450
°C, leading to a weight loss detected by high-temperature TGA.
In this temperature range, the material decomposes into silicon
carbide through the loss of nitrogen, while for the ceramic
produced from P1 at 1100 °C (C1-1100 °C), the
decomposition was not observed until approximately 1600
°C. For ceramics with different boron content treated at 1600
°C for 2 h (C1-1600 °C and C2—1600 °C), the thermal
stability of SiBCN ceramics was maintained.

Additionally, as shown in Figure 8a, there is a smaller broad
diffraction peak at approximately 25°, especially for C1 with its
high boron content. This peak can most likely be attributed to
graphene-like carbon structures.® Raman spectroscopy is an
important nondestructive tool for the examination of the fine
structure of free carbons, with the most prominent features of
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Figure 10. Results of the high-temperature thermogravimetric analysis
of SiCN and SiBCN ceramics in a helium atmosphere.

free carbons being the disorder-induced D band at 1350 cm™!

and the G band at 1600 cm™ caused by the in-plane bond
stretching of sp2 carbons. The second-order G’ band (the
overtone of the D band) can always be observed in defect-free
samples at 2700 cm™'. Another Raman feature at 2950 cm™ is
associated with a D + G combination mode induced by
disorder. The Gaussian—Lorentzian curve fitting of the Raman
bands has been performed to extract the Ip/I; intensity
ratio.®”’*® This ratio is shown in Figure 11. After annealing, I,/
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Figure 11. Raman spectra of the pyrolyzed ceramics (C1—C4)
annealed at 1600 °C under a nitrogen atmosphere.

I value of C1 is remarkably lower than that of C4, which has
lower boron content. With increasing boron content, the value
of I/I apparently decreases, suggesting that the introduction
of boron promotes the transition of free carbons from
disordered to order states in the ceramics. Similar to the
SiBCN system produced from polysilazane and H;B-SMe, or
boron alkyl amide,” these intergranular ordered carbon layers
also inhibited the growth of silicon carbonitride grains in
SiBCN ceramics.
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B CONCLUSIONS

The convenient method to synthesize soluble hyperbranched
polyborosilazanes through an aminolysis reaction between the
A, monomers of DCMS and the By monomers of tris-
(dichloromethylsilylethyl)borane in the presence of HMDS was
established. The dendritic units of the soluble hb-PBSZ were
identified as aminedialkylborons rather than trialkylboron units.
The Si—H, Si—vinyl, and Si—NH functional groups, as well as
the boron in the backbones of the hb-PBSZ, enhanced ceramic
yield by decreasing the elimination of volatile fragments
resulting from backbone cleavage during pyrolysis. The boron
in the ceramics derived from hb-PBSZ retarded the
crystallization of the silicon carbonitrides and stabilized the
amorphous SiBCN structures up to 1600 °C. SiBCN ceramics
showed improved high temperature stability in comparison to
the ternary SiCN system. In contrast to the direct aminolysis
polymerization of boron-containing monomers or the hydro-
boration modification of polysilazane with multifunctional
boranes, the A, + By strategy developed here led to a
convenient approach for synthesizing soluble hyperbranched
polyborosilazanes, which provides a new perspective for the
design of preceramic polymers and a huge processing advantage
for making polymer-derived ceramic fibers or devices with
complex structures/shapes.
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