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Abstract

Polycondensation of boric acid (BA) with mixtures of phenyltriethoxysilane (PTEOS) and vinyltriethoxysilane (VTEOS) and
with mixtures of phenyltrimethoxysilane (PTMOS) and vinyltriethoxysilane (VTEOS) in diglyme at 83—87 °C using HCl as
catalyst resulted in vinyl-functionalized borosiloxane oligomers. Effect of variation of PTEOS:VTEOS and PTMOS:VTEOS
ratio (keeping BA:alkoxysilanes ratio constant) and the effect of variation of BA:alkoxysilane (BA:PTEOS:VTEOS and
BA:PTMOS:VTEOS) ratio on the solubility, thermal stability and ceramic residue were studied. The oligomers obtained
were characterized by FTIR, GPC, pyrolysis GC and TGA. For PTEOS 4+ VTEOS system all the oligomers were soluble in
the reaction medium, but after removal of alcohol (byproduct) and diglyme (solvent), the oligomers obtained in the solid
form were insoluble in common organic solvents. Unlike the PTEOS-based system, for PTMOS-based system the oligomers
synthesized from monomer feed ratios (BA:PTMOS:VTEOS) 1:1:1 and 1:1.67:0.33 even after the removal of ethanol and
diglyme are soluble in tetrahydrofuran, dioxane and diglyme. These two soluble oligomers show bimodal molecular weight
distribution with M of 3,650 and M,, of 1860 for 1:1:1 mol ratio, and M of 2,540 and M,, of 1700 for 1:1.67:0.33 mol ratio.
2Si-NMR spectra of the soluble oligomers show peaks at — 69 and — 78 ppm which are attributed to T? and T structures
respectively. Thermogravimetric analysis of vinyl-functionalized borosiloxane oligomers from PTEOS and PTMOS indicates
that the ceramic residue of the oligomers in argon atmosphere at 900 °C varies from 68 to 89% depending on the monomer
feed ratio of BA to organoalkoxysilane ratio and phenyltrialkoxysilane to VTEOS ratio. With the increase in concentration
of VTEOS in the monomer feed the thermal stability as well as the ceramic residue of the oligomers increase and a reverse
trend is observed for variation of BA concentration. Pyrolysis of the oligomers produce C,, C; hydrocarbons and benzene as
the main pyrolysis products. Ceramic conversion of a typical oligomer was carried out at 900 °C, 1500 °C and 1650 °C in
argon atmosphere. The ceramics obtained at 900 °C and 1500 °C are amorphous SiBOC which transform to 3-SiC at 1650 °C.
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1 Introduction

Inorganic, organometallic and inorganic—organic hybrid
polymers find wide range of applications such as high
temperature protective coatings, thermal protective sys-
tems, matrix resins, precursors for ceramics, atomic
oxygen resistant coatings, adhesives and NLO materials
[1-10]. Of these applications, in recent years widespread
importance is given towards utilizing these polymers as
preceramic materials [5, 11-15]. Among the preceramic
polymers, polysiloxanes [16—22] and poly(borosiloxane)
s [23-32] have gained importance due to the ease of syn-
thesis and their ability to form siliconoxycarbide (SiOC)
and siliconboronoxycarbide (SiBOC) amorphous ceram-
ics respectively in appreciable yield. SiIBOC formed by
pyrolysis of polyborosiloxane is considered to be a homog-
enous amorphous network of mixed siliconoxycarbide and
boronoxycarbide. On heat treatment at temperatures above
1200 °C, SiBOC undergoes crystallization forming nano
B-SiC and the crystallization is more pronounced with the
increase in boron content. Crystallization of SiBOC takes
place through the consumption of BC,0 and BCO, units
and the formation of B(OSi); units [27]. Thus, the incor-
poration of boron in SiCO suppresses the devitrification of
Si0, and promotes the formation of nano p-SiC.

In our laboratory, over the years, we have focused our
attention on the synthesis of poly(borosiloxane)s mainly
by reacting organoalkoxysilanes with boric acid (BA-
cheapest source of boron) by varying monomer feed
ratios through non-aqueous sol—-gel process and on the
factors, which influence the processability, thermal sta-
bility, ceramic residue and the stability of SiBOC ceramics
obtained from these precursors [25, 29-31, 33-35]. It has
been observed that the borosiloxane oligomer synthesized
from vinyltriethoxysilane (VTEOS) gives higher ceramic
residue (~85%) compared to the oligomers synthesized
from phenyltrimethoxysilane (72%) and phenyltriethox-
ysilane (65%) at 900 °C in argon atmosphere. The higher
ceramic residue of vinyl-functionalized borosiloxane oli-
gomer is attributed to the crosslinks that are formed due
to the polymerization of vinyl groups [25, 31]. Though
it is advantageous to synthesize borosiloxane oligom-
ers from VTEOS in view of the higher ceramic residue,
the major concern is that the VTEOS-based oligomers
undergo premature gelation while attempting to remove
diglyme (solvent) and ethanol (byproduct). On the other
hand, PTMOS/PTEOS-based oligomers, exhibit solublil-
ity in organic solvents even after diglyme and ethanol are
removed. It is desirable to synthesize a borosiloxane oli-
gomer which combines both the attributes, viz., process-
ability and high ceramic residue on pyrolysis so that such
a precursor can serve as matrix resin for ceramic matrix

composite and as precursors for ceramic coatings. Con-
sidering the above aspects, in the present investigation
attention has been directed towards synthesizing borosi-
loxane oligomers from mixtures of VTEOS and PTMOS/
PTEOS by non-aqueous sol—gel synthesis in an attempt
to meet the above requirement. With a view to optimiz-
ing the monomer feed ratio, borosiloxane oligomers were
synthesized by varying BA:Alkoxysilane ratio and also by
varying VTEOS:PTEOS/PTMOS ratio for a chosen BA
concentration. The effect of the monomer feed ratio on
the processability, microstructure, thermal stability and
ceramic residue of the oligomers has been studied. One of
the borosiloxane oligomers which exhibits solubility and
high ceramic residue has been chosen for heat treatment at
different temperatures to obtain SiBOC and SiC ceramics.

2 Experimental
2.1 Materials

BA (Qualigens, Mumbai, India) VTEOS (Fluka, Buchs,
Switzerland), PTEOS (Fluka, Buchs, Switzerland) and
PTMOS (Fluka, Buchs, Switzerland) were used without fur-
ther purification. Diglyme (Spectrochem, Mumbai, India)
was distilled before use.

2.2 Synthesis of Borosiloxane Oligomers

A mixture of VTEOS, PTEOS and BA containing 28.55 g
(0.15 mol) of VTEOS, 36.06 g (0.15 mol) of PTEOS and
9.27 g (0.15 mol) of BA were reacted in 50 ml of diglyme
(solvent) using 1 ml of concentrated HCl as catalyst for 3 h
at 83-87 °C following the procedure described elsewhere
[29] to obtain borosiloxane oligomer. After the removal
of ethanol by distillation, diglyme was distilled off under
reduced pressure. The oligomer obtained as a light brown
colored solid was dried under vacuum at 60 °C for 10 h and
was designated as BSiPhVi-1. Similarly BSiPhVi-2 and
BSiPhVi-3 were prepared by carrying out the reaction in
two different mole ratios, namely BA:PTEOS:VTEOS in
1.5:1:1 and 2:1:1.

BSiPhVi-4 was prepared by carrying out the reac-
tion using BA: PTMOS:VTEOS in 1:1:1 mol ratio by
the same procedure followed for BSiPhVi-1.To study
the effect of increase in concentration of BA in the sys-
tem, BSiPhVi-5 and BSiPhVi-6 were prepared using the
monomer feed ratios (BA:PTMOS:VTEOS) 1.5:1:1 and
2:1:1 respectively. To understand the effect of concentra-
tion of organoalkoxysilanes in the system, BSiPhVi-7 and
BSiPhVi-8 were prepared using the monomer feed ratios
(BA:PTMOS:VTEOS) 1:1.67:0.33 and 1:0.33:1.67 respec-
tively where BA:alkoxysilane mole ratio is 1:2.
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2.3 Conversion of Borosiloxane Oligomer
to Ceramics

Pyrolysis of 10 g of BSiPhVi-4 was performed in an inconel
furnace by heating the furnace at the rate of 2 °C/min, soak-
ing at 900 °C for 2 h and then cooling to room temperature at
the rate of 2 °C/min. under the flow of argon (~ 50 ml/min).
In separate experiments, 2 g of the pyrolyzed sample was
heat treated at 1500 °C and at 1650 °C following the above
heating and cooling profile.

2.4 Characterization

FTIR spectra were recorded on a Perkin Elmer Spectrum GX
spectrometer. Pyrolysis GC analysis of the oligomers was
carried out at 700 °C using CDS 100 Pyroprobe interfaced
with Fisons Mega 2 GC and SP-2100 column. The column
temperature was programmed from 70 to 220 °C at a heating
rate of 20 °C/min.

'H-, BC- and ?°Si-NMR spectra were recorded on
Brucker Avance 300 spectrometer.lH-,BC- and °Si-NMR
spectra were recorded at 300, 75.5 and 59.6 MHz respec-
tively. All chemical shifts were reported with respect to
internal tetramethylsilane standard.

Thermogravimetric analysis (TGA) was performed on a
TA Instrument SDT 2960 at a heating rate of 10 °C/min
under nitrogen atmosphere over a temperature range from
room temperature to 900 °C. Molecular weights (MW and
Mn) were determined by GPC using Waters ‘Alliance’ instru-
ment using HR1 and HR2 microstyragel columns, polysty-
rene standard and tetrahydrofuran as the eluent with a flow
rate of 1 ml/min.

X-ray diffraction (XRD) patterns of powder samples were
recorded on a Philips 1729 instrument using Cu-K radiation
with nickel filter and PW 1710 diffractometer control unit.

Scheme 1 Synthesis of borosi- CH=—CH

loxane oligomer from VTEOS | 2

and PTEOS mixture and boric :

acid H5C20_S|| _OC2H5
OC,H,
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3 Results and Discussion
3.1 Borosiloxane Oligomers from PTEOS and VTEOS

In order to study the effect of mole ratio of BA to
organoalkoxysilanes on the processability and thermal sta-
bility of the product obtained, the reaction was carried out
for the monomer feed ratios (BA: PTEOS:VTEOS) 1:1:1,
1.5:1:1 and 2:1:1 using diglyme as solvent at 83-87 °C in
presence of hydrochloric acid catalyst for 3 h and the oli-
gomers obtained are referred to as BSiPhVi-1, BSiPhVi-2
and BSiPhVi-3 respectively. The reaction scheme for the
synthesis of borosiloxane oligomers from mixtures of
PTEOS, VTEOS and BA is shown in Scheme 1. All the
oligomers were soluble in the reaction medium, but after
removal of ethyl alcohol (byproduct) and diglyme, the oli-
gomers were obtained in the solid form and were insoluble
in solvents like THF, diglyme, dioxane, chloroform, tolu-
ene and xylene. A typical IR spectrum of the oligomer
(BSiPhVi-1) is shown in Fig. 1 and the peak assignments
are given in Table 1.

The pyrograms of the three oligomers at 700 °C are
shown in Fig. 2. All of them reveal that the oligomers
produce C,, C; hydrocarbons (retention time: ~0.72 min)
and benzene (retention time: ~2.46 min) [36] as the main
pyrolysis products along with small amounts of other high
molecular weight silicon substituted products as indi-
cated by the peaks after 3 min. The peak at retention time
1.88 min is attributed to ethyl alcohol formed due to the
cleavage of residual Si-OEt linkages present in the oligom-
ers. It is noticed that the intensity of this peak reduces
when BA to alkoxysilane ratio is increased from 1:2 to
1.5:2 and with further increase in the ratio practically no
peak is observed corresponding to ethanol. The above

C.H
1°° _OH
+ HCO—Si—OCH, + HO—B
| N OH
OC,H,
Diglyme | 150 -160°C
-C,H,OH
CH=CH 0] C,
|

oiii o—bo 'l—)“
: :
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Fig.1 IR spectrum of BSiPhVi-1

observation suggests that with increase in BA concentra-
tion, the concentration of residual Si-OEt groups reduces
as extent of formation of Si-O-B linkages increases. As the
lower hydrocarbons are produced from ViSiO moiety and
benzene from PhSiO moiety, the relative concentration of
C,, C; hydrocarbons and benzene will depend on the con-
centration of ViSiO and PhSiO units in the borosiloxane
oligomer. The ratio of the area due to C,, C; hydrocarbons
and benzene for BSiPhVi-1, BSiPhVi-2 and BSiPhVi-3
is almost the same (~0.83:1). This observation suggests
that the concentration of PhSiO and ViSiO units does not
change considerably with the change in BA concentration
in the monomer feed. In the pyrogram of BSiPhVi-1, a
small peak is observed at retention time 4.73 min and a
prominent peak is observed at 5.09 min whereas in the
pyrogram of BSiPhVi-2, the peak at 4.73 min is promi-
nent and the peak at 5.09 min has merged with the peak
at 4.73 min. It is worth noting that both these peaks
are absent in the pyrogram of BSiPhVi-3. The peaks at
4.73 min and 5.09 min are probably due to some high
molecular weight fractions containing silicon. Probably,
with the increase in BA concentration, the formation of
siloxane structural units due to self-condensation would
be minimal as the possibility of formation of Si-O-B link-
age increases.
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Fig.2 Pyrograms of BSiPhVi-1, BSiPhVi-2 and BSiPhVi-3
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Fig.3 GPC curve of BSiPhVi-4
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Table 1 IR spectral data of

. ; Wave number  Assignment Wave number  Assignment

borosiloxane oligomers from (cm™) (em™")

mixtures of VTEOS and

PTEOS 3217 B-OH stretching 883 Out of plane C-H deformation of vinyl group/

Si-O-B stretching
1431 C=C stretching of 739 Out of plane C-H deformation of phenyl group
phenyl group

1194 B-OH deformation 697 Si-O-B bending
1136 Si-O-R stretching 489 0-Si-O bending
965 C-H deformation - -
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The TG curves of BSiPhVi-1, BSiPhVi-2 and BSiPhVi-3
are compared in Fig. 3. As observed for borosiloxane oli-
gomers synthesized from PTEOS [25] and from VTEOS
[31], the ceramic residue decreases with the increase in BA
concentration in the monomer feed. BSiPhVi-1, BSiPhVi-2
and BSiPhVi-3 give ceramic residue of 83, 80 and 75%
respectively at 900 °C.

3.2 Borosiloxane Oligomers from PTMOS
and VTEOS

Borosiloxane oligomers synthesized from BA and mixtures
of PTEOS and VTEOS were insoluble in organic solvents
when the byproduct, ethanol, and the solvent, diglyme, were
distilled off. In an attempt to synthesize soluble vinyl-func-
tionalized borosiloxane oligomers with improved ceramic
residue, BA was reacted with PTMOS and VTEOS mixture.
The reaction was carried out using BA:PTMOS:VTEOS
monomer feed ratios, 1:1:1, 1.5:1:1 and 2:1:1 in diglyme
at 83-87 °C for 3 h using hydrochloric acid as catalyst and
the oligomers are designated as BSiPhVi-4, BSiPhVi-5 and
BSiPhVi-6 respectively.

BSiPhVi-4 is soluble in THF, diglyme and dioxane
and insoluble in chloroform, toluene and xylene whereas
BSiPhVi-5 and BSiPhVi-6 are insoluble in these organic
solvents. The GPC curve of BSiPhVi-4 is shown in Fig. 4.
It shows a bimodal molecular weight distribution with MW
of 3650 and M, of 1860.

The IR spectra of the oligomers indicate the presence
of B-O-Si at 698 cm™!, Si-vinyl at 1603, 1410, 970 and
738 cm™, Si-OR at 1135 cm™, Si-Ph at 1520 cm™" and
Si-OH at 3424 cm~!. Comparison of the IR spectra of
the oligomers suggests that as the concentration of BA is
increased in the monomer feed the peaks corresponding to
Si-vinyl groups become feeble. A broad peak exists around
1028 cm™! indicating the presence of Si-O-Si linkages.

100

BSiPhVi-1
/

5 S
BSiPhVi-2 o
BSiPhVi-3

60

40

Weight loss (%)

204

T T T T T T T T T
0 200 400 600 800 1000
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Fig.4 TG curves of BSiPhVi-1, BSiPhVi-2 and BSiPhVi-3
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Fig.5 'H-NMR spectrum of BSiPhVi-4

The 'H-NMR spectrum of BSiPhVi-4 is shown in
Fig. 5. The broad peak observed in the region 6.8—8 ppm is
assigned to Si-Ph group and the peak observed in the region
5.5-6.3 ppm is due to Si-vinyl. The broad peak observed in
the region 3.5-3.8 ppm is due to Si-OH and B-OH groups.
The two peaks observed at 3.3 and 3.4 ppm are probably due
to residual Si-OCH,CH; and Si-OCHj5 groups. The peak
at 1.3 ppm is assigned to residual Si-OCH,CHj present in
the oligomer. Based on the intensities of phenyl and vinyl
protons, the ratio of phenylsiloxy units to vinylsiloxy units is
calculated to be 1:1. The '>*C-NMR spectrum of BSiPhVi-4
(Fig. 6) shows peaks at 128, 130 and 134 ppm due to phenyl
carbons. The signal at 136 ppm corresponds to CH, of vinyl
group. The signal due to CH of vinyl group has merged with
the signal at 130 ppm due to phenyl carbon resulting in line
broadening.

29Si-NMR spectrum of BSiPhVi-4 is shown in Fig. 7.
Soraru et al. [24, 37] studied in detail the ?*Si-NMR spectra

J\LM » ) \traionn

—t — —t
ppm 140 120 100 80 60

Fig.6 '>*C-NMR spectrum of BSiPhVi-4
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Fig.7 %’Si-NMR spectrum of BSiPhVi-4

of borosiloxane oligomers synthesized by sol-gel process
of BA and organoalkoxysilanes and assigned the chemical
shifts to the structural units, T', T? and T>, where T' indi-
cates the unit with ‘i’ siloxane (O-Si) bonds attached to the
central silicon atom. It is reported [24, 37] that the Si-O-Si
and the Si-O-B bonds do not differ in their *Si-NMR chemi-
cal shifts. This indicates that the chemical shift values of T!,
T2 and T?structures are not influenced much whether they
contain Si-O-Si or Si-O-B bonds. Based on the chemical
shift values reported for the sol-gels prepared from organo-
trialkoxysilanes and those from BA and organotrialkoxysi-
lanes, the broad peaks in the region — 64 to — 72 and — 72
to — 90 ppm, can be assigned to T2 and T° structures respec-
tively [29, 30]. The splitting of T2 and T° peaks is due to
different possible structures arising due to the presence of all
phenylsiloxy units, all vinylsiloxy units, and both vinylsiloxy
and phenylsiloxy units.

A typical pyrogram of BSiPhVi-4 at 700 °C is shown in
Fig. 8 and the pyrolysis GC data of BSiPhVi-4, BSiPhVi-5
and BSiPhVi-6 are compared in Table 2. It is noticed that the
ratio of area of benzene peak to area of C,, C; carbon peak
is 0.5:0.5 for BSiPhVi-4. As the ratio of PTMOS:VTEOS
in the monomer feed is same for BSiPhVi-4, BSiPhVi-5 and
BSiPhVi-6, it is expected that for all the three oligomers,
the ratio of area of benzene peak to area of C,, C; carbon
peak should be the same. From Table 2, it is seen that for
BSiPhVi-5 the ratio is almost the same as that of BSiPhVi-4.
However, for BSiPhVi-6 the ratio is 0.77:0.23 suggesting
that phenylsiloxy units are incorporated more than vinyl-
siloxy units when BA:alkoxysilane ratio is increased from
1.5:2 to 1:1 which may be due to the preferential reaction of
BA with PTMOS rather than with VTEOS when the concen-
tration of BA is increased in the monomer feed.

The TG curves of BSiPhVi-4, BSiPhVi-5 and BSiPhVi-6
are compared in Fig. 9. It is observed that BSiPhVi-4 syn-
thesized using BA:alkoxysilane molar ratio 1:2 gives the

10.0q
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2.92
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5.0
=3 C:,Cs
E 0.9
3.7
w®
hag 28 3 g 3
196 "7 N e ®
o': T T 1] T T T T
o 2 4 6 8 10 12 14

Retention time (min)

Fig.8 Pyrogram of BSiPhVi-4

maximum ceramic residue (~86%). It is also noticed that
the ceramic residue decreases with the increase in BA con-
centration in the reaction mixture. A weight loss of ~3% is
observed around 170 °C for BSiPhVi-4. The initial weight
loss is found to increase with increase in BA concentration
in the feed. This weight loss is probably due to the loss of

Table 2 Pyrolysis GC data of BSiPhVi-4, BSiPhVi-5 and BSiPhVi-6

Oligomer Monomer feed ratio Ratio of area of benzene to
(BA: area of C,,C; hydrocarbon
PTMOS:VTEOS)

BSiPhVi-4 1:1:1 0.5:0.5

BSiPhVi-5 1.5:1:1 0.52:0.48

BSiPhVi-6 2:1:1 0.77:0.23

100 -4 N
. —
ATttt e bt cetee aag e, e e0n s ee o e
20 o, BSiPhVi-4
e BSIBEVES
g w0 BSiPhVi-6
E
>
2 w0
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Fig.9 TG curves of BSiPhVi-4, BSiPhVi-5 and BSiPhVi-6

borate esters formed during the reaction [25].
In order to understand the effect of variation of
PTMOS:VTEOS ratio on the processability, thermal stability
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and ceramic residue, borosiloxane oligomers BSiPhVi-7 and
BSiPhVi-8 were synthesized using the monomer feed ratios
(BA:PTMOS:VTEOS) 1:1.67:0.33 and 1:0.33:1.67 respec-
tively in diglyme at 83-87 °C for 3 h.

BSiPhVi-7 is soluble in THF, diglyme and dioxane
and insoluble in chloroform, toluene and xylene whereas
BSiPhVi-8 is insoluble in all these solvents. The GPC curve
of BSiPhVi-7 shows a bimodal molecular weight distribu-
tion with M of 2540 and M, of 1700.

BSiPhVi-7 was also characterized by'H-, 1*C- and *Si-
NMR and thermal analysis. The observations made with
'H- and *C-NMR spectra of BSiPhVi-7 are similar to those
of BSiPhVi-4. Based on the intensity of phenyl and vinyl
protons, the ratio of phenylsiloxy units to vinylsiloxy units
is estimated to be 0.83:0.17 as against the calculated ratio
of 0.835:0.165. The *’Si-NMR spectrum of BSiPhVi-7 is
shown in Fig. 10. The 2’Si-NMR spectrum shows two broad
peaks centered at — 68 and — 77 ppm and they are assigned
to T2 and T? structures respectively.

The oligomers, BSiPhVi-7 and BSiPhVi-8 were char-
acterized by pyrolysis GC. The pyrolysis GC data of
BSiPhVi-4, BSiPhVi-7 and BSiPhVi-8 along with the
ratio of phenylsiloxy to vinylsiloxy units as obtained from
"H-NMR are summarized in Table 3. It is noticed that for
BSiPhVi-7 and BSiPh-4, the ratio of PhSiO to ViSiO units
as calculated from "H-NMR, and the ratio of area of benzene

ppm 60 70 -80

Fig. 10 %’Si-NMR spectrum of BSiPhVi-7

to area of C,, C; hydrocarbons are close to each other. Thus,
the ratio of area of benzene to area of C,, C; hydrocarbon
could be equated to the mole ratio of PhSiO to ViSiO units
present in borosiloxane oligomer. For BSiPhVi-8 which is
insoluble, the ratio of area of benzene to C,, C; hydrocar-
bons is 0.34:0.66. From this data, it could be inferred that
more of PhSiO units are incorporated in the oligomer than
expected.

The TG curves of BSiPhVi-4, BSiPhVi-7 and BSiPhVi-8
are compared in Fig. 11. It is noticed that the ceramic residue
increases with the increase in VTEOS concentration in the
monomer feed. BSiPhVi-8 synthesized using BA, PTMOS
and VTEOS in 1:0.33:1.67 mol ratio gives the maximum
ceramic residue (~89%).

3.3 Comparison of Solubility and Ceramic Residue
of Borosiloxane Oligomers

From the results presented in the previous sections, it is evi-
dent that the solubility in organic solvents and the ceramic
residue of borosiloxane oligomers depend on monomer feed
ratio, i.e., BAIPTEOS/PTMOS:VTEOS. Solubility, melta-
bility and ceramic residue are the important attributes to be
considered for choosing a particular borosiloxane oligomer
for application as matrix resin for CMCs and as precursors
for ceramic coatings and adhesives. As the borosiloxane
oligomers discussed in this investigation are not meltable,

100 A
Mvi-s
1 e S———
80+
BSiPhvi-4 BSiPhVi-7
§ 60 -
=
=
o
o 40
=
204
0 T T T T T T T T T
0 200 400 600 800 1000
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Fig. 11 TG curves of BSiPhVi-4, BSiPhVi-7 and BSiPhVi-§

Table 3 Comparison of pyrolysis GC and "H-NMR data for borosiloxane oligomers from PTMOS and VTEOS

Oligomer Monomer feed ratio Ratio of PhSiO to ViSiO units Ratio of PhSiO to ViSiO units as  Ratio of area of benzene to
(BA:PTMOS:VTEOS) in the monomer feed calculated from 'H-NMR area of C,,C; hydrocarbon

BSiPhVi-7 1:1.67:0.33 0.835: 0.165 0.83:0.17 0.80:0.20

BSiPhVi-4 1:1:1 0.5:0.5 0.54:0.46 0.5:0.5

BSiPhVi-8 1:0.33:1.67 0.165:0.835 Insoluble 0.34:0.66
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the focus is on selecting an oligomer which gives the high-
est ceramic residue among the oligomers which are soluble
in organic solvents. Solubility and ceramic residue data of
borosiloxane oligomers are summarized in Table 4. It is seen
that BSiPhVi-4 and BSiPhVi-7 are the two oligomers which
are soluble in organic solvents. As BSiPhVi-4 gives higher
ceramic residue than that of BSiPhVi-7 the former was cho-
sen for ceramic conversion studies.

3.4 Ceramic Conversion Studies of the Borosiloxane
Oligomer from PTMOS and VTEOS Mixture

BSiPhVi-4 was converted to ceramics following the pro-
cedure explained in the experimental section. IR spectra
and XRD patterns of the heat-treated samples are shown in
Figs. 12 and 13 respectively.

It is seen from the IR spectrum of the oligomer heat-
treated at 900 °C that four peaks are observed at 1550, 1320,
1070 and 490 cm™". The peaks at 1070 and 490 cm™" are due
to the stretching and bending vibrations of Si-O-Si linkage
respectively. The presence of peaks at 1550 and 1320 cm™ is
probably due to residual organic moieties/partially degraded
organic moieties present in the pyrolyzed sample suggesting
that the pyrolysis is incomplete at 900 °C. It is worth noting
that the IR spectrum of the sample heat-treated at 1500 °C
shows a major peak at 1070 cm™! and the other two peaks at
1550 and 1320 cm™! seen in IR spectrum of the pyrolyzed
sample disappear, suggesting that the organic moieties have
reacted with Si and B present in the oligomer resulting in the
formation of a ceramic. The sample heat-treated at 1650 °C,
shows a broad peak at 823 cm™! and this is attributed to
the conversion of amorphous ceramic to crystalline SiC
[29-31]. The broadness of the peak is attributed to presence
of SiOC or SiBOC glassy phase. The samples heat-treated
at 900 and 1500 °C show a broad XRD pattern due to the
amorphous SiBOC phase [30, 31] whereas the sample heat-
treated at 1650 °C shows diffraction lines at 20 =36, 61 and
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Fig. 12 IR spectra of the borosiloxane oligomer, BSiPhVi-4 heat-
treated at 900, 1500 and 1650 °C

72.5 corresponding to 111, 220 and 311 planes of -SiC
respectively (Table 5)[37].The transformation of SiBOC to
B-SiC by increasing the heat treatment temperature from
1500 to 1650 °C can be explained by adopting the crystal
growth mechanism of B-SiC from SiOC glass. The pyrolyzed
borosiloxanes is primarily a boron modified SiOC phase in
which SiCO;, SiC,0,, SiC;0, BC,0 and BCO, units may
be present and the relative concentration of each unit would
depend on the monomer feed ratio. The redistribution of
these structural units results in the formation of SiC,, SiO,
and BOj; units [23]. In addition to this exchange mechanism,
carbothermic reduction involving nano domains of SiO, rich
and carbon rich phases can also take place [31].

Table 4 Solubility and ceramic

5 . Borosiloxane Alkoxysilane mono- Monomer feed Solubility in Ceramic
re§1due of borosiloxane oligomer code  mer mixture ratio - - residue at
oligomers (BA:PTMOS/ THF Dioxane Diglyme 900 °C

PTEOS:VTEOS) (%)
BSiPhVi-1 PTEOS+ VTEOS 1:1:1 - - - 83
BSiPhVi-2 PTEOS + VTEOS 1.5:1:1 - - - 80
BSiPhVi-3 PTEOS+VTEOS  2:1:1 - - - 75
BSiPhVi-4 PTMOS+VTEOS  1:1:1 + + + 86
BSiPhVi-5 PTMOS +VTEOS  1.5:1:1 - - - 74
BSiPhVi-6 PTMOS+VTEOS  2:1:1 - - - 68
BSiPhVi-7 PTMOS +VTEOS  1:1.67:0.33 + + + 80
BSiPhVi-8 PTMOS +VTEOS  1:0.33:1.67 - - - 89

All the borosiloxane oligomers are insoluble chloroform, toluene and xylene
(+) Soluble, (—) Insoluble
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Fig.13 XRD patterns of the borosiloxane oligomers, BSiPhVi-4
heat-treated at 900, 1500 and 1650 °C

Table 5 Cubic $-SiC XRD characteristics

Angle (20) Intensity (%) Value of d (A°) Diffraction plane
35.75 100 2.51 (111)
40.73 12 2.21 (200)
60.17 35 1.54 (220)
72.97 26 1.31 (311)
75.78 5 1.25 (222)

Lattice parameters obtained for cubic SiC: a,=b,=c,=4.358 A° and
o= ﬁ =y= 90°

4 Conclusions

Based on the present investigation the following conclusions
have been drawn:

(1) The borosiloxane oligomers synthesized from BA,
PTEOS/PTMEOS and VTEOS are soluble in the
reaction medium, diglyme irrespective of the mono-
mer feed ratio. On removal of the solvent, diglyme
and the byproduct, methanol and/or ethanol, two
of the oligomers prepared from BA, PTMOS and
VTEOS for the monomer feed ratios 1:1:1 and

@ Springer

1:1.67:0.33, were soluble in organic solvents such as
diglyme, dioxane and tetrahydrofuran.

(i) In general, ceramic residue at 900 °C in argon
increases with the increase in VTEOS concentration
in the monomer feed ratio and this is attributed to
increase in the crosslinking resulting from ViSiO
units.

(iii) Increase in BA in the monomer feed increases the
initial weight loss up to 170 °C and this is attributed
to the increase in formation of borate esters. Due to
this the ceramic residue at 900 °C decreases with the
increase in BA concentration in the monomer feed.

(iv) Pyrolysis GC studies reveal that the oligomers pro-
duce C,, C; hydrocarbons and benzene as the main
pyrolysis products along with small amounts of other
high molecular weight silicon substituted products.
From the data, it could be inferred that more of
PhSiO units as compared to ViSiO units are incor-
porated in the oligomers.

(v) 'H-and *C-NMR spectral studies of soluble oligom-
ers, BSiPhVi-4 and BSiPhVi-7 confirm the presence
of Si-vinyl groups. *’Si-NMR spectra reveal the pres-
ence of T2 and T? structures. The splitting of T and
T? peaks is due to different possible structures aris-
ing due to the presence of all phenylsiloxy units, all
vinylsiloxy units, and both vinylsiloxy and phenylsi-
loxy units.

(vi) GPC studies reveal that BSiPhVi-4 and BSiPhVi-7
are low molecular weight oligomers exhibit-
ing bimodal molecular weight distribution and
both MW and Mn are higher for BSiPhVi-4 than
for BSiPhVi-7. Ceramic residue at 900 °C is also
higher for BSiPhVi-4 than that of BSiphVi-7. Thus,
it is desirable to choose the monomer feed ratio
(BA:PTMOS:VTEOS) of 1:1:1 for getting soluble
borosiloxane oligomer capable of giving maximum
ceramic residue.

(vii) Ceramic conversion studies reveal that at 900 and
1500 °C, SiBOC ceramic is formed which undergoes
crystallization at 1650 °C resulting in the formation
of B-SiC.

Thus, the present study has resulted in arriving at a suit-
able monomer feed ratio for synthesizing vinyl-functional-
ized soluble borosiloxane oligomer (BSiPhVi-4) which gives
high ceramic residue (86% at 900 °C) and this oligomer
is expected to find application as precursors for SiBOC
and SiC coating and as matrix resins for ceramic matrix
composites.
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