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ABSTRACT: We report the synthesis of versatile hyperbra-
nched ferrocene-containing poly(boro)carbosilanes (hb-
PBCS) via a convenient “A, + B;” approach. Two types of
hb-PBCS are obtained by the hydrosilylation of 1,1’-bis-
(dimethylsilyl)ferrocene (A,) with trivinylmethylsilane (B;)
followed by modification with 9-borabicyclo[3.3.1]nonane
(9-BBN) and by the hydroboration of 1,1’-bis(dimethyl-
vinylsilyl)ferrocene (A,) with the borane—dimethyl sulfide

“Ay+B;" Approach

complex (Bj), respectively. Size exclusion chromatography (SEC) results demonstrate that the well-soluble hb-PBCS possess
appreciable weight-average molecular weight (M, sgc) up to 62 300 g/mol with the polydispersity index (PDI) of 1.95—4.51. The
combined characterization by "H—>"Si heteronuclear multiple-bond correlation (HMBC), "'B nuclear magnetic resonance
(NMR), and triple-detection SEC (triple-SEC) confirms the remarkable hyperbranched architecture of hb-PBCS with degrees of
branching (DB) between 0.47 and 0.79. The Mark—Houwink—Sakurada exponents of hb-PBCS obtained from triple-SEC are
significantly lower (o = 0.36—0.47) than that of their linear analogue (ot = 0.69).

B INTRODUCTION

The controlled pyrolysis of organometallic polymers has been
proven to be a promising chemical approach to prepare advanced
functional precursor-derived ceramics (PDCs) with diverse
shapes such as fibers," highly porous components,” and micro/
nanoelectromechanical systems (M/NEMS).? Numerous orga-
nometallic polgrmers including poly(organosilylcarbodiimides),*
polysiloxanes,” polysilazanes,® polyborosilazanes,” and metal-
containing polymers® provided a large palette for manipulating
the structures and properties of PDCs. Polyferrocenylsilanes
(PFS) belong to a novel class of transition-metal-containing
polymers that consist of alternating ferrocene and organosilane
units on backbone. Since the preparation of high-molecular-
weight PFS using thermal ring-opening polymerization was
pioneered by Manners et al,” PFS with linear, cyclic, or hyper-
branched architecture and their block copolymers have shown
potential in the formation of shaped magnetic ceramics'”'" and
the self-assembly into well-defined hybrid architectures such as
micelle architectures,'> spheres,"> cylinders,"* and one-dimen-
sional nanostructures."®

Normally, PFS-derived ceramics possess tunable magnetic
properties between the ferromagnetic and the superparamag-
netic state by controlling the pyrolysis conditions of PFS.'** The
incorporation of boron (even lower than 1 wt %) into silicon
carbide and silicon nitride multiphase ceramics (SiCN) can
significantly reduce their crystallinity at high temperature and
improve thermal stabilities in air due to the oxidation resistance
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of the formed boron carbide (BC,) and boron nitride (BN)
phases."®'” When boron is incorporated into PFS to form
ferrocenylboranes18 and ferrocenylborane polyrners,19 multi-
functional ceramics with tailorable magnetic properties and
high-temperature resistance can be achieved under suitable
pyrolysis conditions. Thus, the design and synthesis of boron-
containing polyferrocenylsilanes are of great interest and im-
portance for preparing advanced functional ceramics.*’

Several synthetic approaches can be employed to introduce
boron into organometallic polymers. Generally, they can be
categorized into (i) direct polymerization of boron-containin
monomers possessing a Si—Cl, B—Cl, B—Br, or B—H bond,*
(i) dehydrogenative coupling reaction of organometallic poly-
mers with borane derivatives,”” and (iii) hydroboration of
unsaturated groups of organometallic polymers with monofunc-
tional or multifunctional boranes.”® These boranes are mainly
9-borabicyclo[3.3.1]nonane (9-BBN), pinacolborane, borazine,
and the borane—dimethyl sulfide complex (BH;:SMe,). How-
ever, the direct polymerization of monomers with the B—Cl
bond and the hydroboration of multifunctional borane such as
BH;-SMe, and borazine easily yields extensively cross-linked
systems with poor processability.”* As ceramic precursors,
besides the versatile functionality, their favorable processing
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Scheme 1. “A, + B;” Combined Hydroboration Route To Synthesize Hyperbranched Ferrocene-Containing Poly-
(boro)carbosilanes with Boron Atoms on the Termini (hb-PBCS-BBN) (Approach 1)
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properties are also important especially for the formation of
PDCs with the mentioned complex shapes.

Therefore, we propose the design and synthesis of a new type
of boron-containing PFS, i.e., hyperbranched ferrocene-contain-
ing poly(boro)carbosilanes (hb-PBCS). The hyperbranched
architecture, from our viewpoint, offers the following advantages:
(i) For either monofunctional borane or multifunctional borane,
boron can be conveniently introduced into the side groups or
backbones of hb-PBCS by the hydroboration or the so-called
“A, + B3” approach based on boron-containing monomers.*”
(ii) hb-PBCS may possess higher solubility and lower viscosity
compared to their linear counterparts due to the compact shape
and decreased interchain entanglements.”® Higher solubility and
lower viscosity are especially favorable for preparing PDC by
precursor infiltration and pyrolysis method. (iii) The hyper-
branched architecture and compact conformation of hb-PBCS
may be superior to retaining iron and boron distributed along the
backbone or side groups that give a possibility to form magnetic
and high-temperature resistant ceramic nanocrystals via a direct
bulk pyrolysis.

Herein, we report the synthesis of versatile hb-PBCS via a
convenient “A, + B;” approach for the first time. First, hyper-
branched ferrocene-containing polycarbosilanes (hb-PCSs) with
vinyl terminals (hb-PCS-Vi) were prepared via the hydrosilyla-
tion of A, monomer, 1,1’-bis(dimethylsilyl)ferrocene, and B
monomer, trivinylmethylsilane. Then, hb-PBCS with boron
atoms on the termini (hb-PBCS-BBN) were obtained by the
hydroboration of hb-PCS-Vi-precursor and 9-BBN. This syn-
thetic route is named approach 1 and is shown in Scheme 1.
Alternatively, according to approach 2 presented in Scheme 2,

i.e., direct “A, + B;” synthetic route, hb-PBCS with boron atoms
on the backbone (hb-PBCS-Vi) were generated directly by the
hydroboration of A, monomer, 1,1’-bis(dimethylvinylsilyl)-
ferrocene, and B; monomer, BH; - SMe,. Afterward, their hyper-
branched architectures were characterized by nuclear magnetic
resonance (NMR) and triple-detection size exclusion chroma-
tography (triple-SEC). Specifically, the conformation of the
hyperbranched polymer was characterized via tapping-mode
atomic force microscopy (AFM) and transmission electron
microscopy (TEM).

B EXPERIMENTAL SECTION

Materials. Ferrocene (98%), chlorodimethylsilane (98%), chloro-
dimethylvinylsilane (97%), n-butyllithium (1.6 M in hexane), N,N,N/,
N'-tetramethylethylenediamine (TMEDA), borane—dimethyl sulfide
complex (2 M in tetrahydrofuran), 9-borabicyclo[3.3.1]nonane (0.5
M in tetrahydrofuran), anhydrous acetonitrile, and diethyl ether were
purchased from Sigma-Aldrich Co. Trivinylmethylsilane (95%), plati-
num— 1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex (0.1 M in poly-
dimethylsiloxane terminated with vinyl) (Karstedt’s catalyst), and
platinum (5%, on carbon) catalyst (Pt/C) were received from ABCR
GmbH & Co. KG. All the reagents were used as received without further
treatment. Anhydrous hexane, toluene, and tetrahydrofuran (THF)
were freshly distilled for use under reflux using sodium/benzophenone.

Synthesis of 1,1’-Bis(dimethylsilyl)ferrocene (1). Under an
argon atmosphere, a S00 mL flame-dried flask equipped with a Teflon
stir bar, septum, and high-vacuum stopcock was charged with ferrocene
(5.58 g, 30 mmol), TMEDA (11 mL, 74 mmol), and anhydrous hexane
(100 mL) at room temperature. Then n-butyllithium solution (29.6 mL,
74 mmol) was added through an argon-purged syringe. The reaction
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Scheme 2. “A, + B;” Route To Synthesize Hyperbranched Ferrocene-Containing Poly(boro)carbosilanes with Boron Atoms on

the Backbone (hb-PBCS-Vi) (Approach 2)
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Table 1. Main Polymerization Results of Hyperbranched Ferrocene-Containing Polycarbosilanes (hb-PCS)

sample name monomer method” 10_3Mw,5Ech PDI”
hb-PCS-Vil 1 I 62.3 4.33
hb-PCS-Vi2 1 I 27.6 3.32
hb-PCS-Vi3 18 1I 11.0 227
hb-PCS-Vi4 18 1T 6.1 1.95
hb-PCS-SiH1 1 1 49.5 4.51
hb-PCS-SiH2 1 I 29.9 3.78
L-PFCS 1,2 I 54 1.48

10> My riple PDI content of FG? (%) DB* DB/
282.0 413 35 0.77 0.71
413 3.13 5.5 0.61 0.54
6.8 0.56 047
5.8 0.50 0.47
152.1 5.17 13 0.79

12

59 1.26

“1: the feed mole ratio of A, and B3 was 1/1, and polymerization was conducted with three-batch addmg of A,. II: the feed mole ratio of A, and B; was

1/1, and polymerization was conducted with one-batch adding of A, III: using Pt/C as catalyst.

*Both the molecular weight (M,,sgc) and the

polydispersity index (PDI) were determined by SEC with PS calibration. “ Both the molecular weight (M, iple) and the polydlsper31ty index (PDI) were
determined by tnple SEC.“The weight content of functional groups (FG), i.e., vinyl and Si—H, was estimated using '"HNMR. DBg,.y Was determined
by 298i NMR. / DBpy¢p,e¢ Was determined by 29Gi NMR. ¢ Monomer 1 contains monosubstituted monomer A;.

mixture was stirred for 6 h at room temperature and became slurry. In a
glovebox, the slurry was added into another S00 mL flame-dried flask
—78 °C (dry ice/acetone bath) that had been charged with chloro-
dimethylsilane (17.40 g, 180 mmol) and anhydrous hexane. The mixture
was heated to room temperature again and stirred overnight. Upon
completion of the reaction, the solvent and excess reagents were
removed under vacuum line. After the filtration and rotary evaporation
(20 mbar, 50 °C), the crude product was purified by column chroma-
tography (silica gel size 70—100 um, column diameter 7 cm, column
length 30 cm) using hexane as elute, yielding 1,1’-bis(dimethylsilyl)-
ferrocene (1) as brown liquid (4.8 g, 48.3% yield). "H NMR (1, CDCl,,
ppm): 0.35—0.40 (12H, Si(CH;),—H), 4.42—4.51 (2H, Si(CH;),—
H), 413—4.18 (4H, n°-CsH,), 4.33—4.38 (4H, 1°-CsH,). >C NMR
(1, CDCls, ppm): —2.94 (4C, Si(CH;),—H), 68.30 (2C, 7°>-CsH,),
71.65 (4C, 1°-CsH,), 73.75 (4C, n°>-CsH,). *°Si NMR (1, CDCl,,
ppm): —18.62 (2Si, —(CH,),Si—H). FT-IR (1, KBr, cm ™ '): 2110
(v Si—H), 1247 (v Si—CHj), 1442 (v 17°-CsH,). Mass spectrum (MS):
m/z: caled (%) for C,4,Hy,FeSiy: 302; found: 302. Elemental analysis:
caled (%) for C4H,,FeSi,: C 55.63, H 7.28; found: C 55.59, H 7.15.
Synthesis of 1,1’-Bis(dimethylvinylsilyl)ferrocene (2). The
synthesis procedure of 2 was similar to 1, but with chlorodimethylvi-
nylsilane (22.4 g, 180 mmol) instead of chlorodimethylsilane. The
product of 2 is also a brown liquid (3.3 g 31.1% yield). '"H NMR
(CDCls, ppm): 0.36—0.38 (12H, —Si(CH;),—), 4.10—4.13 (4H, 7°-
CsH,), 4.36—4.39 (4H, 3°-CsH,). 5.72—5.80 (2H, Si—CH=CH,),
6.00—6.06 (2H, Si—CH=CH,), 6.25—6.40 (2H, Si—-CH=CH,). *C

NMR (CDCls, ppm): —2.24—1.51 (4C, Si(CH,),), 70.05 (2C, 7°-
CsHy), 71.50 (4C, n°-CsH,), 73.20 (4C, °-CsH,), 131.77 (2C, Si—
CH=CH,), 139.14 (2C, Si—CH=CH,). *’Si NMR (CDCl, ppm): —
10.32 (2Si, —Si(CH;),—CH=CH,). FT-IR (KBr, cm '): 1403, 1593
(v —CH=CH,), 1247 (v Si—CHj,), 1422 (v 1°-CsH,,). MS: m/z: caled
(%) for C,gH,4FeSi,: 354; found: 354. Elemental analysis: calcd (%) for
C,gHagFeSiy: C 61.02, H 7.40; found: C 61.51, H 7.27.

Preparation of hb-PCS with Vinyl Terminals (hb-PCS-Vi).
Under an argon atmosphere, a flame-dried flask equipped with a Teflon
stir bar, septum, and high-vacuum stopcock was charged with trivinyl-
methylsilane (TVMS, 0.37 g, 3.0 mmol), 6.5 mg of Karstedt’s catalyst,
and 15.0 mL of toluene. At 45 °C, monomer 1 (0.91 g, 3.0 mmol) was
added into the solution by one-batch addition or three-batch addition
with interval of 30 min. The reaction mixture was stirred 8—12 h at
45 °C and monitored by FTIR spectroscopy until Si—H bond resonance
at 2110 cm™ " disappeared. Then the solvent was removed by rotary
evaporation (40 mbar, S0 °C) yielding brown elastomers. The crude
product was soluble in S mL of diethyl ether and precipitated into S0 mL
of methanol for three times. Then the precipitate was dried in vacuum
oven for 2 days (10 mbar, 60 °C). The hb-PCS-Vi were obtained as
brown elastomers (70—81% yield). Specific reaction conditions are
summarized in Table 1. "H NMR (CDCl,, ppm): —0.08—0.00 (SiCH3),
0.06 (=SiCH;—CH=CH,), 0.11 (—SiCH;(CH=CH,),), 0.18—0.40
(—Si(CH3),—), 0.41—0.62 (Si—CH,—CH,—Si), 091 (Si—CH-
(CH,)—Si), 1.29 (Si—CH(CH;)—Si), 4.01—4.28 (3-CsH,), 5.62—
5.78 (Si—CH=CH,), 5.96—6.07 (Si—CH=CH,), 6.11—6.24
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Table 2. Main Polymerization Results of Hyperbranched Ferrocene-Containing Polyborocarbosilanes (hb-PBCS)

sample name approach precursor feed ratio of 9-BBN to precursor 10 M, sec” PDI* content of FG’ (%)
hb-PBCS-BBN1 1 HB-PFCS-Vi2 1:12 58.7 5.43 S.5
hb-PBCS-BBN2 1 HB-PFCS-Vi2 1:30 38.5 4.11 2.0
hb-PBCS-BBN3 1 HB-PFCS-Vi4 1:12 7.9 213 S.S
hb-PBCS-BBN4 1 HB-PFCS-Vi4 1:30 7.3 2.11 4.5
hb-PBCS-Vil 2 5.8° 1.65° 4.5
hb-PBCS-Vi2 2 3.5° 141° 4.8

“Both the molecular weight (M, sgc) and the polydispersity index (PDI) were determined by SEC with PS calibration. " The weight content of
functional groups (FG), i.e., 9-BBN and vinyl, were estimated using "H NMR. ¢ The molecular weight and PDI were determined by triple-SEC.

(Si—CH=CH,). "*C NMR (CDCl;, ppm): —6.4 (SiCH;—CH=
CH,), —2.8 (SiCH;(CH=CH,),), 1.0 (=Si(CH3),—), 4.7, 8.9 (Si-
CH,—CH,—Si), —1.7 (Si—CH(CH,)—Si), 8.3 (Si—CH(CH,)—Si),
71, 73 (7°-CsH,), 132.2 (Si—CH=CH,), 137.8 (Si—CH=CH,). **Si
NMR (CDCl;, ppm): 7.98 (dendritic unit), —0.6 (backbone), —1.41
(linear unit), —11.16 (terminal unit). FT-IR (KBr, cm ™ '): 1403, 1593
(v —CH=CH,), 1247 (v Si—CHs), 1422 (v 7-CsH,). Representative
molecular weight: M,, s = 62 300, M,,/M,, = 4.33 (hb-PCS-Vil).

Synthesis of hb-PCS with Si—H Terminals (hb-PCS-SiH).
The synthesis procedure of hb-PCS with SiH terminals (hb-PCS-SiH) was
similar to hb-PCS-Vi, but with 6.0 mmol of 1 (1.82 g,) instead of 3.0 mmol.
The hb-PCS-SiH were obtained as brown elastomers (74—82% yield). 'H
NMR (CDCls, ppm): —0.05—0.00 (SiCH3), 0.10—0.13 ((77°-CsH,)—
Si(CH;),—H), 0.18—0.38 ((17°>-CsH,)—Si(CH;),— (17°-CsH,)), 0.40—
0.62 (Si—CH,—CH,—Si), 0.88—0.93 (Si—CH(CH;)—Si), 1.27 (Si—
CH (CH;)—Si), 4.00—4.18 (-CsH,), 4.20—4.38 (-CsH,), 4.65—4.75
(Si—H). *C NMR (CDCl;, ppm): —6.8 (SiCH3), —3.1 ((°>-CsH,)—
Si(CH,),—(1°-CsHy)), 1.87 ((°-CsH,)—Si(CH;),—H), 5.83 (Si—
CH,—CH,—Si), 1021 (Si—CH,—CH,—Si), 72.1, 72.2, 742 (1>-CsH,).
*Si NMR (CDCls, ppm): 8.0 (dendritic unit), —0.7 (backbone), —18.5
(linear or terminal unit). FT-IR (KBr, cm ™ '): 2110 (v Si—H), 1247 (v
Si—CHj), 1442 (v i7°-CsH,,). Representative molecular weight: M, spc =
49 500, M,,/M,, = 4.51 (hb-PCS-SiH1).

Preparation of hb-PBCS-BBN via Approach 1. Under an
argon atmosphere, a flame-dried tube equipped with a Teflon stir bar,
septum, and high-vacuum stopcock was charged with 300 mg of hb-PCS-
Viand 5 mL of anhydrous THF. After evacuating the tube for 30 min to
degas, 9-BBN (0.5 M in THF) was dropped using an argon-purged
syringe. Specific reaction conditions are listed in Table 2. After the
completion, the solvent was removed under vacuum line coupled with
trap bottle surrounded with liquid nitrogen, yielding brown solids (hb-
PBCS-BBN) (94—98% yield). '"H NMR (CDCls, ppm): —0.08—0.00
(SiCH;), 0.06 (SiCH;—CH=CH,), 0.11 (—SiCH;(CH=CH,),),
0.18—0.40 (—Si(CH;),—), 0.41—0.62 (Si—CH,—CH,—Si), 091 (Si—
CH(CH,)—Si), 129 (Si—CH(CH,)—Si), 401—428 (17°-CsH,), 0.96
(Si—CH,—CH,—B), 1.24 (Si—CH,—CH,—B), 1.35—1.81 (proton on
9-BBN), 4.14, 4.33 (>-CsH,), 5.62—5.78 (Si—CH=CH,), 5.96—6.07
(Si—CH=CH,), 6.11—624 (Si—-CH=CH,). *C NMR (CDCl;,
ppm): —6.4 (=(CH3)Si—CH=CH,), —2.8 (—(CH;)Si—(CH=CH,),),
1.0 (—(CHj;),Si—), 4.7 (Si—CH,—CH,—Si), 8.9 (Si—CH,—CH,—
Si), —1.7 (Si—CH(CH;)—Si), 8.3 Si—CH(CH;)—Si), 71, 73 (i*-
CsH,), 1322 (Si—CH=CH,), 137.8 (Si—CH=CH,), 22.4, 27.2, 32.6.
41.9 (9-BBN). FT-IR (KBr, cm ™ '): 1403, 1593 (v —CH=CH,), 1247
(v Si—CHs), 1422 (v #°-CsH,). Representative molecular weight:
M, sec = 55700, M,,/M, = 5.43 (hb-PBCS-BBN1).

Synthesis of hb-PBCS-Vi via Approach 2. Under an argon
atmosphere, a flame-dried tube equipped with a Teflon stir bar, septum,
and high-vacuum stopcock was charged with monomer 2 (0.71 g, 2.0
mmol) and 15.0 mL of anhydrous THF. After evacuating the tube for 30
min to degas, 1 mL of BH;* SMe, solution (2 M in THF) was dropped
using an argon-purged syringe. The reaction mixture was stirred 8—12 h

1283

at 25 °C. Upon completion of the reaction, the solvent and dimethyl
sulfide were removed under vacuum at 60 °C, thus yielding yellow solids
(hb-PBCS-Vi) (95—96% yield). "H NMR (CDCls, ppm): 0.22—0.43
(=Si(CH;),—), 1.11 (Si—CH,—CH,—B), 0.90 (Si—CH,—CH,—B),
4.01—4.12, 4.16—4.37 (7°-CsH,), 5.62—5.78 (Si—CH=CH,), 5.96—
6.07 (Si—CH=CH,), 6.11—6.24 (Si—CH=CH,). '*C NMR (CDCl,,
ppm): —2.7 (=Si(CH;),—), 10.33 (Si—CH,—CH,—B), 25.41 (Si—
CH,—CH,—B), 71.1, 71.2, 73.3 (°-CsH,), 131.8 (Si—CH=CH,),
138.9 (Si—CH=CH,). Representative molecular weight: M, ipie =
5800, M,,/M,, = 1.65 (hb-PBCS-Visl).

Preparation of Linear Poly(ferrocenyl)carbosilane (L-PCS).
Under an insert argon atmosphere, a dried flask was charged with monomer
1 (030 g 1.0 mmol), 3.0 mg of Karstedt’s catalyst, and 15.0 mL of
anhydrous toluene. At 40 °C, monomer 2 (0.35 g, 1.0 mmol) was added
into the solution using an argon-purged syringe. The reaction mixture was
stirred 12 h at 40 °C and monitored by FTIR spectroscopy until the Si—H
bond resonance at 2110 cm ' disappeared. The crude product was
precipitated using diethyl ether and dried in vacuum oven for 2 days
(10 mbar, 60 °C), yielding L-PCS as yellow solids (82% yield). "H NMR
(CDCly, ppm): 0.24 ((17°-CsH,)—Si—(CH3),—(17°-CsHy)), 0.58 (Si—
CH,—CH,—Si), 091 (Si—CH(CH3)—Si), 1.29 (Si—CH(CHs)—Si),
4.01—4.28 (17°-CsH,). FT-IR (KBr, cm™ Y): 1247 (v Si—CH,), 1422 (v
17°-CsH,). Representative molecular weight: M, sec = 5400, M,,/M, = 1.48
(L-PCS).

Characterization. Nuclear magnetic resonance (NMR) measure-
ments were carried out on a Bruker AC-250 spectrometer (Bruker BioSpin,
Switzerland) to collect the 'H and *C spectra. *’Si NMR spectra were
recorded on a Bruker Avance S00 spectrometer (Bruker BioSpin,
Switzerland) operating at 50.7 MHz in CDCl; or C4Dg. Chemical shifts
are referenced to tetramethylsilane (TMS). Long-range "H—>Si hetero-
nuclear multiple-bond correlation ("H—>°Si HMBC) spectra were ac-
quired with pulse field gradients in absolute value mode. The multiple-bond
delay was adjusted to a coupling constant of S Hz. The data were collected
in an 8192 X 256 matrix with 8 transients per t; increment. The recycle
period was 1.5 s. Sine-bell window functions were applied before Fourier
transformation in a 2048 X 1024 matrix. ''B NMR spectra were obtained
on a Varian Inova 400 MHz spectrometer (Varian Inc.) 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 a FT-IR spectrophotometer (Perkin-Elmer).

Elemental analyses were performed on a Vario Elementar EL III
(Elementar Analysensysteme GmbH, Germany).

Mass spectra (MS) were recorded using a Varian Mat 311 A (Varian
Inc.).

Size exclusion chromatography (SEC) measurements were performed
at room temperature on an apparatus equipped with four PSS—SDV gel
columns (S um) with a porosity range from 10% to 10° A (PSS, Mainz,
Germany) and together with a differential refractometer and an ultra-
violet detector at 254 nm. THF (1% toluene as an internal standard) was
used as an eluent with a flow rate of 1.0 mL/min. Polystyrene (PS)
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Scheme 3. Synthetic Route of 1,1’-Bis(dimethylsilyl)-
ferrocene (1) and 1,1’-Bis(dimethylvinylsilyl)ferrocene (2)
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standards with narrow molecular weight distribution (PSS, Mainz) were
used for the calibration.

Triple-detection size exclusion chromatography (triple-SEC) measure-
ments were conducted on an Agilent HPLC system equipped with three
PSS—SDV gel columns (10°A, 5 um; 10° A, S um; 10° A, 5 yum) with a
flow rate of 0.8 mL/min in THF (HPLC grade) at room temperature.
Detectors were including differential refractometer (Agilent Technolo-
gies 1200), multiangle light scattering detector (MALS) equipped with a
632.8 nm He—Ne laser (DAWN HELEOS, Wyatt), and viscometer
(ViscoStar II, Wyatt). The MALS detector was used to determine the
molecular weight, whereas the viscometer provided Mark—Houwink—
Sakurada relationships. The refractive index increments of polymers in
THF were measured at 25 °C using a PSS DnDc-2010/620 differential
refractometer.

B RESULTS AND DISCUSSION

Synthesis of A, Monomers. For the synthesis of hb-PBCS
via either approach 1 or approach 2, the purity of monomers is a
key factor to controlling molecular weights and hyperbranched
architectures. Since the B; monomers, trivinylmethylsilane and
BHj; - SMe,, are commercial products, the highly pure A, mono-
mers, 1,1’-bis(dimethylsilyl)ferrocene (1) and 1,1’-bis(dimethyl-
vinylsilyl)ferrocene (2), are of great importance. As shown in
Scheme 3, A, monomers were synthesized via coupling reaction
of dilithioferrocene with chlorodimethylsilane and chlorodi-
methylvinylsilane, respectively.””** An excess of n-butyllithium
and chlorosilane to ferrocene and a subsequent column chro-
matography fractionation using silica gel were employed to
obtain A, monomers with high purity.

Figure la shows the 'H NMR spectrum of monomer 1 in
CDCls. The signals at 4.15 and 4.35 ppm corresponded to the
protons on cyclopentadienyl (Cp) rings after symmetric sub-
stitution of double dimethlysilyl groups. The dimethlysilyl group
can also be verified from the obvious heptuplet peak in the region
of 4.42—4.51 ppm. So the clear assignment and matched integral
values of all protons indicate the successful synthesis of mono-
mer 1. °C NMR (Figure 1b) and *Si NMR (Figure SI,
Supporting Information) further confirm its molecular structure,
where all the carbon atoms and silicon atoms are clearly assigned.
Additional evidence comes from MS (Figure S2) where the
single peak at 302 is in good agreement with the theoretical mass-
to-charge ratio of monomer 1. In contrast, A, monomer contain-
ing monosubstituted dimethylvinylsilylferrocene (A,;) was pre-
pared. Its "HNMR spectrum (Figure S3) shows complex signals,
where five main peaks appear in the region of 4.1—4.4 ppm.
Specifically, the sharp signal at 4.17 ppm corresponded to the
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Figure 1. NMR spectra of 1,1’-bis(dimethylsilyl)ferrocene (1) and 1,1'-

bis(dimethylvinylsilyl)ferrocene (2) in CDCly: (a) '"H NMR of 1,
(b) ®C NMR of 1, (c) "H NMR of 2, (d) *C NMR of 2.

protons of Cp ring without substitution in A;. The content of A,
can be calculated from the integral area ratio on '"H NMR, which
is important to control molecular weight of hb-PCS as described
later.

The "H NMR spectrum of monomer 2 in CDCl, is presented
in Figure 1c. Similar to monomer 1, the signals at 4.15 and 4.35
ppm corresponded to the protons on Cp rings after symmetric
substitution of double dimethylvinylsilyl groups. The dimethylvi-
nylsilyl group was verified from the obvious three signal peaks in
the region of 5.7—6.4 ppm. Moreover, the integral areas of all the
protons matched the theoretical value of monomer 2 indicated its
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Figure 2. NMR spectra of a representative hb-PCS-Vi2 in CDCls: (a)
'"H NMR; (b) '*C NMR.

high purity. Evidence coming from "*C NMR (Figure 1d), **Si
NMR (Figure S1), and MS (single peak at 354, Figure S2) also
indicated the successful synthesis of monomer 2.

Hyperbranched Ferrocene-Containing Polycarbosilanes
(hb-PCS). As illustrated in Scheme 1, hb-PCS were prepared
via the hydrosilylation of A, monomer, 1,1’-bis(dimethyl-
silyl)ferrocene, and B; monomer, trivinylmethylsilane (TVMS),
by using Pt/C catalyst or Karstedt’s catalyst. In this approach, the
terminals of hb-PCS are tunable by regulating the feed ratio of
monomers. The starting ratio monomer 1/TVMS of 1:1 and 2:1
resulted in hb-PCS with vinyl terminals (hb-PCS-Vi) and hb-
PCS with Si—H terminals (hb-PCS-SiH), respectively. The
molecular weights obtained under specific reaction conditions
are summarized in Table 1. The weight-average molecular weight
(My,sgc) of hb-PCS is 6200—62 300 g/mol with the polydis-
persity index (PDI) of 1.95—4.51 calibrated by PS standards.
Both hb-PCS-Vi and hb-PCS-SiH are in brown elastomer-like
states and possess high solubility in aliphatic and aromatic
solvents. They are stable to air and moisture, which gives
conveniences for further characterizations.

Figure 2 shows the 'H and "*C NMR spectra of hb-PCS-Vi in
CDCl;. Compared to the starting monomer 1 (Figure 1a), the
characteristic signals of proton on Si—H bond (4.42—4.51 ppm)
totally disappeared. At the same time, the broad peaks in the
region of 0.41—0.62 ppm arising from the protons of formed
alkyl bridges appeared. On the other hand, the decreased integral
area of vinyl protons at 5.6—6.2 ppm (SiCH; as an internal
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Figure 3. NMR spectra of a representative hb-PCS-SiH1 in CDCl;:
(a) '"H NMR; (b) '*C NMR.

standard) compared to the starting TVMS (Figure S4) reveals
the hydrosilylation between monomer 1 and TVMS. Disappear-
ance of Si—H bond and the reservation of vinyl groups suggest
the vinyl end groups on hb-PCS-Vi. In addition, the ’C NMR
spectrum in Figure 2b identifies vinyl functional groups of
hb-PCS-Vi, which signal peaks are in the region of 131.9—137.6
ppm. However, the clear identification of linear unit or terminal
unit of hb-PCS-Vi proposed in Scheme 1 is dependent on the
later *’Si NMR analysis.

Different from hb-PCS-Vi, the "H NMR spectrum of hb-PCS-
SiH in Figure 3a indicates that the characteristic signals of vinyl
protons from TVMS (Figure S4) completely disappear, resulting
in the broad signal peaks in the region of 0.40—0.63 ppm
corresponding to the protons of alkyl bridges. The "*C NMR
spectrum in Figure 3b confirms the alkyl bridges. A small signal of
proton on Si—H bond at 4.5 ppm is observed, which is also
confirmed by its FT-IR resonance at 2110 cm ! (Figure SS). As
we expect, the NMR analysis demonstrates that hb-PCS with
vinyl or Si—H terminals can be conveniently synthesized by
regulating the feed ratio of monomers.

In addition, the strong ethylene signals in the region of 0.40—
0.63 ppm show that -addition dominates the hydrosilylation
between monomer 1 and TVMS. In contrast, for either hb-PCS-
Vior hb-PCS-SiH, only two small signals in the region 0of 0.9—1.3
ppm can be found on '"H NMR spectra. It indicates that only a
few ot-addition products are generated during the hydrosilyla-
tion. From the integral area ratio, the content of a-addition
products is about 5% and 8% for hb-PCS-Vi and hb-PCS-SiH,
respectively.

Degree of Branching of hb-PCS. As mentioned above, the
identification of dendritic, linear, and terminal unit of hb-PCS
depends on *°Si NMR analysis. Herein, we employ 'H—>’Si
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HMBC to analyze hyperbranched architecture. Figure 4 shows
the "H—>"Si HMBC spectra of hb-PCS-Vi and hb-PCS-SiH in
CDCl;. The possible chemical environments of silicon atoms in
hb-PCS are illustrated in Chart 1. Here, silicon atom labeled D, L,
and T represents dendritic, linear, and terminal unit, respectively.
Si' and Si” represent the silicon atom linked on Cp ring and
silicon atom from Karstedt’s catalyst, respectively. They can be
clearly identified from "H—>°Si HMBC according to the correla-
tion of silicon atom and bonded groups such as vinyl, ethylene,
silicon methyl, and Cp ring.

For hb-PCS-Vj, from Figure 4a, the signal at 7.98 ppm on *°Si
NMR is assigned to silicon atom that is correlated with silicon
methyl (—0.2—0.05 ppm on 'H NMR) and ethylene (0.4—0.6
ppm on "H NMR). Actually, it is defined as dendritic unit (D).
Similarly, silicon atom linked on Cp ring (Si') shows the signal
at —0.6 ppm on *°Si NMR correlated with Cp rings (4.15, 4.35
ppm on 'H NMR) and ethylenes (0.4—0.6 ppm on "H NMR).
Moreover, the two signals at —1.41 and —11.16 ppm on *°Si
NMR correlated with silicon methyl (—0.2—0.05 ppm on 'H
NMR), ethylene (0.4—0.6 ppm on 'H NMR), and vinyl (5.6—
6.2 ppm on 'H NMR). They are assigned to the linear unit (L)
and terminal unit (T), respectively. For hb-PCS-SiH, there is
only one signal at —18.5 ppm, corresponding to the silicon atom
on linear unit (L) or terminal unit (T). The "H—>’Si HMBC
analysis suggests their low content of L and T, which is in good

Chart 1. Possible Si Chemical Environments for hb-PCS
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agreement with the content of Si—H bond (1.2—1.3%) as shown
in Table 1.

According to Frey’s and Fréchet’s definition,””*° DB of hyper-
branched polymer can be expressed as eqs 1 and 2, respectively

P = 3p L .
D+T

DBrece - < 2

Frechet = DT L )

where D, L, and T denote the mole fraction of dendritic, linear,
and terminal units in hyperbranched polymer, respectively. From

1286 dx.doi.org/10.1021/ma1029086 [Macromolecules 2011, 44, 1280-1291



Macromolecules

@) si
D si’
L
RO | WY S
(b) si!
D L T 2

5 10 5§ 0 5 40 -5 20 25
3 (ppm)

Figure 5. *Si NMR spectra of hb-PCS in CDCly: (a) hb-PCS-Vi2,
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the NMR spectra, the mole fraction of D, L, and T can be
calculated from the relative integration ratio. The »Si NMR
spectra of hb-PCS are presented in Figure S, and the according
DB values are summarized in Table 1.

For hb-PCS-Vis, the DBg,, and DBp¢chee are in the wide
range of 0.47—0.77 according to different polymerization pro-
cess summarized in Table 1. Compared to the DB around 0.50 of
hyperbranched polymers synthesized with AB, monomers,”" the
high DB values of hb-PCS are due to the high “A” and “B” ratio
(0.67—1.33) in the “A, + B3” approach. For hb-PCS-SiH, there
is almost no difference of silicon chemical environment between
L and D unit on *°Si NMR. So only the approximate DBggcpet
value of 0.79 was obtained. Similar to the results of theoretical
kinetics of hyperbranched “A, + B3 systems,”> the DB is
increased from 0.54 to 0.79 with increasing A:B ratio from 2:3
to 4:3. The reason is that the excess of “A” groups completely
consumed the “B” groups, resulting in dendritic units rather than
linear units. Therefore, the high DB value from 298§ NMR
suggests their regular hyperbranched architectures of hb-PCS
via approach 1.

Molecular Weight Control of hb-PCS. Compared to the AB,
monomer strategy, the “A, + B3” approach normally needs a strict
control of the reaction conditions, such as time, concentration,
addition rate, and sequence, to terminate reactions prior to cross-
linking.33 Here, because of the high steric hindrance of the
ferrocenyl group of A, monomer, cross-linking can be avoided
under the employed reaction conditions. In contrast, from our
experience, if the 1,1',4,4'-tetramethylsiloxane was used as A,
monomer instead of monomer 1, the cross-linking occurred rapidly
even at room temperature. So here we mainly focused on the effect
of addition mode and purity of A, monomer on the molecular
weight. The SEC traces of hb-PCS-Vi are presented in Figure 6, and
the according molecular weights are summarized in Table 1.

First, by regulating the polymerization process, hb-PCS-Vil
with the highest M, src of 62 300 g/mol and the PDI of 4.33 as
measured by normal SEC can be obtained. Triple-SEC reveals

—— hb-PCS-Vi1
R - - - hb-PCS-Vi2
R hb-PCS-Vi3
i -+ hb-PCS-Vi4

Normalized RI Signal

Elution Volume (mL)

Figure 6. SEC traces (RI signal) of hb-PCS-Vi obtained from the
normal SEC.

much higher M, uipte = 282 000 g/mol with the PDT of 4.13 for
the same hb-PCS-Vil sample. The multiangle light scattering
detector avoids the mismatch between hyperbranched architec-
ture and linear PS calibration in normal SEC.>* Anyway, both
SEC results indicate that hb-PCS with appreciable molecular
weight can be prepared via approach 1.

Second, the multibatch addition of monomer 1 into TVMS is
helpful to increase the molecular weight of hb-PCS. It is seen by
the higher molecular weights of hb-PCS-Vil and hb-PCS-SiH1
(three batch addition) than those of hb-PCS-Vi2 and hb-PCS-
SiH2 (one batch addition). The increased molecular weight here
is in accordance with the results of slow addition of AB,
monomer in the work of Moore et al.** On the other hand, the
DB value is also increased from 0.54 to 0.71 for hb-PCS-Vi. For
the hyperbranched polymers via self-condensing vinyl polymer-
ization (SCVP),*® we also found that the DB of polymer
obtained from multibatch addition was higher than that from
one-batch addition.

Third, the molecular weight of hb-PCSs is drastically affected
by the content of monosubstituted monomer A; in the A,
monomer. In Figure 7, the molecular weight decreases with the
increase of content of A; because A; terminates the growth of
hyperbranched polymers. When the content of A; is higher than
15%, only products with low M,, can be obtained. Compared to
dilithiumferrocene prepared via in-situ reaction of n-BuLi and
ferrocene with the purity of less than 88%,>”"''* the A, monomer
of 1,1’-bis(dimethylsilyl)ferrocene prepared by using an excess of
n-butyllithium and chlorosilanes to ferrocene and combined
column chromatography fractionation possesses higher purity.
So our approach provides an effective way to synthesize hb-PCS
with appreciable molecular weight and regular hyperbranched
architecture.

Hyperbranched Ferrocene-Containing Polyborocarbosi-
lanes via Approach 1 (hb-PBCS-BBN). As illustrated in
Scheme 1, hb-PBCS-BBN are obtained by the hydroboration
of hb-PCS-Vi-precursors and 9-BBN. Since 9-BBN is a
monofunctional borane with high regioselectivity widely used
in the modification of linear polycarbosilanes,* the advantage
of this approach is the reservation of hyperbranched architec-
tures and favorable processing properties of hb-PFCS-Vi-
precursors.

Figure 8 shows the "H NMR spectra of hb-PBCS-BBN with
different feed ratios of 9-BBN (Table 2). Compared with their
hb-PCS-Vi-precursor (Figure 2a), hb-PBCS-BBN shows the
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Figure 10. '"H—?°Si HMBC spectrum of hb-PBCS-Vi in C¢Ds.

decreased integrated areas of vinyl proton resonances (5.82—
6.06 ppm) when the Cp ring resonance (4.15 and 4.35 ppm) is
employed as an internal standard. At the same time, the
appearance of two new signals at 0.9 and 1.24 ppm and a broad
peak in the region of 1.36—1.76 ppm correspond to the protons
on the resulting methylene (alkyl bridge) and 9-BBN, respec-
tively. The hydroboration occurred mainly via f-addition of
9-BBN with high regloselectmty * Additionally, the hydrobora-
tion is also verified by ''B NMR spectroscopy The chemical shift
of 9-BBN on ''B NMR is at ca. 28 ppm.>® After the hydrobora-
tion, the appearance of new peak at 86.2 ppm in Figure 8d is
assignable to boron attached to three ethylene groups. Thus, it
clearly indicates the vinyl groups of hb-PFCS-Vi-precursor are
added with 9-BBN.

If an excess of 9-BBN was employed, the characteristic signals
of vinyl protons of hb-PFCS-Vi-precursor completely disap-
peared as shown in Figure 8c. For the hb-PBCS-BBN], it means
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Table 3. Macromolecular Conformation Parameters of hb-PBCS from Triple SEC

sample name dn/dc (mL/g)* 1073Mw,trip]ch PDI’
hb-PCS-Vil 0.142 282 4.13
hb-PCS-Vi2 0.156 41.3 3.13
hb-PCS-SiH1 0.169 152.1 5.17
hb-PBCS-Vil 0.120 5.8 1.65
L-PCS 0.169 5.9 1.26

7], (mL/g)" 10°K (mL/g)" o ¢ at My uipie”
182 19.4 0.38 021
13.8 185 0.42 0.62
167 26.3 0.36 0.30
3.8 7.83 0.47 0.70%
6.7 173 0.69

? The refractive index increment (dn/dc) value of sample in THF was determined on DnDc-2010 (PSS) at 25 °C. ® The macromolecular structure
parameters were determined by triple SEC. “ ¢’ was calculated from [W]hyperbranched/ (7 tinear at My, [n]hyperbranche 4= KM,* (K and o are presented in
Table 3), [7]inear = 1.731X 102M,, %2, “ hb-PBCS-Vil also uses L-PCS as linear analogue.

almost all the available vinyl groups are added with 9-BBN. By
regulating the feed ratio, the content of 9-BBN terminals can be
controlled as summarized in Table 2.

The hydroboration efficiency was also demonstrated by the
SEC analysis in Figure 9. Compared to hb-PFCS-Vi-precursor,
the main peaks of hb-PBCS-BBN on differential refractometer
(RI) chromatogram shift to lower elution volume, corresponding
to higher hydrodynamic radius and increased molecular weight
after hydroboration. From Table 2, the molecular weight in-
creased in correspondence with the increased feed ratio of
9-BBN. Thus, the NMR and SEC results demonstrate that hb-
PBCS with boron atoms on termini are successfully synthesized.
They are soluble in aliphatic and aromatic solvents but sensitive
to air and moisture.

Hyperbranched Ferrocene-Containing Polyborocarbosi-
lanes via Approach 2 (hb-PBCS-Vi). Normally, multifunc-
tional boranes were used as cross-linkers of various linear organo-
metallic polymers such as 4polysilazanes,24 polycarbosilanes,*
and polysilylcarbodiimides.** The merit is the higher boron
content than 9-BBN. However, the extensive cross-linking always
leads to insolubility and poor processability. Here, we present the
synthesis of soluble hb-PBCS with boron atoms on the backbone
via the “A, + B3” route (approach 2) in Scheme 2. Similar to hb-
PCS, the starting ratio monomer 4/BHj; - SMe, of 2:1 (mol/mol)
results in hb-PBCS with vinyl terminals (hb-PBCS-Vi). The hb-
PBCS-Vi possessing M, of 3500—5800 are yellow powders and
soluble in aliphatic and aromatic hydrocarbons such as THF, 1,4-
dioxane, and toluene.

The 'H—?°Si HMBC spectrum of hb-PBCS-Vi in C¢Dg is
presented in Figure 10. Compared to the starting monomer 1
(Figure lc and Figure S1), an obvious decrease of integrated
areas ratio of vinyl proton resonances (5.82 and 6.06 ppm) to Cp
ring resonances is observed. It is attributed to the hydroboration
of vinyl groups with BH; - SMe,. From the **Si NMR spectrum, it
is clear that there are two types of silicon atoms in the polymer.
The first one with 0 = —0.1 ppm is correlated with Cp and alkyl
bridges and the second one with 0 = 9.8 ppm is correlated with
Cp and vinyl groups. In another words, the silicon atoms are on
backbones and termini in the hyperbranched polymer proposed
in Scheme 3. However, because of the high sensitivity of hb-
PBCS-Vj, it is not easy to identify the boron atoms that attach to
three alkyl groups, i.e., dendritic units. Thus, we will characterize
the hyperbranched architecture of hb-PBCS-Vi by their compact
conformation in solution.

Intrinsic Viscosity. In order to study the compact conforma-
tion of hb-PBCS, their intrinsic viscosity values, [77], were
measured in THF at 25 °C by triple SEC. The intrinsic viscosity
of polymers is related with their molecular weight by the Mark—
Houwink—Sakurada (MHS) equation, [7] = KM®*. The MHS

100 T T T T

10

L-PCS, 0=0.69
hb-PCS-Vil, 0=0.38
hb-PCS-Vi2, 0-0.42
hb-PCS-SiH1, 0=0.36

Intrinsic Viscosity (mL/g)

»D>o0o

1k 10k 100k 1M "1om
Molecular Weight (g/mol)

Figure 11. Mark—Houwink—Sakurada plots of L-PCS and hb-PCS.

exponent, (, is a parameter corresponding to the topology of a
polymer in a good solvent. For hyperbranched polymers, the
exponent typically varies between 0.5 and 0.2, depending on the
degree of branching. In contrast, the MHS exponent is typically
in the region of 0.6—0.8 for a linear polymer in a good solvent
with a random coil conformation.*!

The triple-SEC results of hb-PBCS are summarized in Table 3,
and the MHS plots are presented in Figure 11. As a comparison,
the linear analogue (L-PCS) is prepared via the hydrosilylation of
monomers 1 and 2, where "H NMR and SEC results are shown in
Figures S6 and S7, respectively. The MHS exponent o = 0.692
indicates the random coil conformation of L-PCS. In contrast,
the MHS exponents of hb-PBCS are significantly lower (o =
0.36—0.47). It evidently demonstrates their hyperbranched ar-
chitectures and compact shapes in THF solution. With the
increase of DB values from 0.54 to 0.79 (Table 1), the o values
decreased from 0.42 to 0.36. It indicates that a hyperbranched
polymer with higher DB possesses a more compact structure.

The contraction factor, é/ = [n]hyperbranched/ [n]linear) is
another way to express the compact structure of a hyperbranched
polymer.‘"2 According to the results in Table 3, [#]jiear can be
obtained from eq 3

[Mlipese = 1731 X 10721052 (3)

Experimentally, ¢ can be expressed as the value at M,, or as a
continuous function of molecular weight. Figure 12 shows ¢’ as a
function of the molecular weight for representative hyper-
branched polymers. The contraction factors decrease with
increasing molecular weights and increasing DB, indicating a
highly compact structure of hb-PBCS in solution. From the
tapping-mode AFM height image and TEM image in Figure S8, it
further reveals the particle-like compact shapes with an average
dimension of ca. 16 nm for hb-PCS with M, i1 = 282 kg/mol
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Figure 12. Contraction factors, § = [#]hyperbranched/ [#]iinears for hb-
PCSs. The curve of [7]pyperbranched Vs molecular weight for hb-PCS was
obtained from Figure 11. [#]jpesr = 1.731 X 10_2M0'692, where M
corresponds to the molecular weight of hb-PCS.

and DB = 0.77. Especially, the value of ¢ =0.70 at M,, = 5800 g/mol
of hb-PBCS-Vil in Table 3 indicates that hb-PBCS-Vil is more
compact than the linear analogue. Combined with the o value of
0.47, this suggests the hyperbranched architecture of hb-PBCS-
Vi synthesized via approach 2.

Bl CONCLUSIONS

Hyperbranched ferrocene-containing poly(boro)carbosilanes
with molecular weights up to 62300 g/mol (PDI 1.95—4.51)
and DB of 0.47—0.79 can be obtained via the hydrosilylation of
A, monomer, 1,1’-bis(dimethylsilyl)ferrocene and B; monomer,
trivinylmethylsilane. The molecular weight is conveniently con-
trolled by regulating the polymerization process such as the
multibatch addition mode and the usage of high-purity A,
monomer. Hydroboration of hb-PCS precursor with 9-BBN
leads to hb-PBCS with boron atoms on the termini. We believe
that the regular hyperbranched architectures favors processabil-
ity. Additionally, hb-PBCS with boron atoms on the backbone
can be generated by the direct hydroboration of 1,1’-bis-
(dimethylvinylsilyl)ferrocene with the borane—dimethyl sulfide
complex. The resulted polymers are soluble in aliphatic and
aromatic hydrocarbons with high sensitivity to air and moisture.
The combined characterization using NMR and triple SEC
demonstrated their hyperbranched architectures.

The tunable and versatile hyperbranched ferrocene-
containing poly(boro)carbosilanes promise potential in pre-
paring magnetic and high-temperature-resistant nanostruc-
tured ceramics. The pyrolysis mechanism and conversion of
hb-PBCS into magnetic and high-temperature-resistant na-
nostructured ceramics via a direct bulk pyrolysis are currently
in progress.
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