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ABSTRACT: Highly crosslinked nanocomposites of bi-
sphenol A dicyanate (BADCy) containing silica clusters
were successfully prepared via the sol-gel process. The
silica clusters were generated from various metal alkoxide
precursors, including methyltrimethoxysilane (TMOS), 3-
glycidoxypropyltrimethoxysilane (GPOS), and 2-(3,4-epoxy-
cyclohexyl) ethyltrimethoxysilane (ECOS). The metal alkox-
ide precursors GPOS and ECOS were, in turn, used as cou-
pling agents. Three kinds of systems involving BADCy/
TMOS, BADCy/coupling agent, and BADCy/TMOS/cou-
pling agent were individually prepared and thoroughly
investigated using various methods. Each kind of system
was of a particular characterization and morphology and
had distinct physical and dielectric properties. Isolated silica
clusters on a nanoscale were homogenously distributed in
the highly crosslinked BADCy/TMOS hybrid system. The
characterization of BADCy/TMOS nanocomposites showed
improved physical properties, when compared with the

neat BADCy network. The particle sizes can be controlled
by adding different amounts of TMOS and are slightly
increased (in the range of 50-105 nm) with increasing
TMOS content. On the other hand, in the highly crosslinked
BADCy/coupling agent hybrid system, the silica clusters
were tethered to the BADCy matrix by the coupling agent.
An oxazoline linkage was detected during the reaction of
cyanate groups in BADCy with the epoxide groups in the
coupling agent. These nanocomposites exhibited weakened
mechanical properties but are of a smaller and more ho-
mogenous particle size in the range of 30-50 nm, irrespec-
tive of the silica content. Finally, the BADCy/TMOS/ cou-
pling agent system was successfully designed to combine
the advantages of the two systems mentioned above. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 103: 1356-1366, 2007
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INTRODUCTION

In recent years, organic/inorganic hybrid nanocom-
posites have been extensively researched, because
these hybrids were used for blending inorganic fill-
ers and organic polymers on a molecular scale, com-
bining the advantages of each component. These
materials can be formed via several different ap-
proaches. One successful approach has been the
in situ polymerization of metal alkoxide precursors
in polymer matrices via the sol-gel method. This
method involves the hydrolysis of metal alkoxides to
produce metal hydroxides, followed by the conden-
sation of hydroxyl groups to form inorganic clus-
ters." When inorganic clusters are mixed with poly-
mer solutions or with monomers for polymerization,
organic/inorganic hybrid nanocomposites can be
obtained. A lot of thermoplastics have been consid-
ered for the preparation of organic/inorganic nano-
composites by the sol-gel process, such as PS/SiO,,
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polyimide/SiO,,*®* PMMA/SiO,°"* PEK/SiO,,"
polyimide/TiO,,'*'> Nafion®™/ SiO,,'® etc. Only a
few researchers have studied thermosetting systems
and have primarily focused on epoxy resins.'”
Cyanate ester resins are one of the most important
thermosetting polymers because of their high ther-
mal stability, excellent mechanical and electronical
properties.”' Thus, they have been used in high per-
formance electronic devices and aerospace applica-
tions. Various aromatic dicyanates were substantially
investigated in our laboratory on the cure kinetics
and mechanisms of polycyclotrimerization,*>* the
glass transition temperature-conversion relationship
in the polycyclotrimerization,”? and the cure reac-
tion of bismaleimide (BMI)/bisphenol A dicyanate
(BADCy) blend. "% Pyrimidine and/or pyridine
linkage structures were found during the crosslink-
ing reactions in this blend. In another study, the
cure reactions of liquid aromatic dicyanate ester
(1,1-bis(4-cyanatophenyl) ethane, DiCy) with differ-
ent types of epoxy resins were also investigated.”” In
the curing system of DiCy associated with bisphenol
A epoxide, both oxazoline and oxazolidinone link-
ages were observed after being completely cured,
whereas in the curing system of DiCy associated
with a liquid cycloaliphatic epoxy ester (3,4-epoxycy-
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clohexylmethyl-3,4-epoxycyclohexane-carboxylate),
only oxazoline linkage was detected.

The objectives of this work were to develop a
highly crosslinked nanocomposite of aromatic dicya-
nates/SiO, by the sol-gel method. Characterization
and properties of the nanocomposites were thor-
oughly investigated. To improve the compatibility
between the organic and inorganic phases, the cou-
pling agents with an epoxide group on one end and
alkoxysilyl group on the other end were used.
Cross-reaction was expected between the epoxide
group of the coupling agent and the cyanate group
of the matrix in a reaction similar to the previously
stated one. The end result with metal alkoxides in
the coupling agent may be the source of poly(silses-
quioxanes) (POSS). Furthermore, the effects of the
coupling agent on the size of the SiO, particles and
the properties were also studied.

EXPERIMENTAL
Materials

Bisphenol A dicyanate (BADCy; TCI, Japan), methyl-
trimethoxysilane (TMOS; Aldrich Chemicals), 3-gly-
cidoxypropyltrimethoxysilane (GPOS; Aldrich Chem-
icals), and 2-(3,4-epoxycyclohexyl) ethyltrimethoxy-
silane (ECOS; Fluka, Switzerland) were used as
purchased. BADCy underwent polycyclotrimeriza-
tion and served as the matrix component. TMOS
was used as the precursor of inorganic clusters of
Si0,. GPOS or ECOS acted as coupling agents. The
chemical structures of BADCy, TMOS, ECOS, and
GPOS are as follows:

CH

BADCy : NCO@F;) OCN
CH;
OCH,8
OCH;
HyH,  QCHs
] . C—C-0-Si-0OCH4y
QOCH
S He Haills
OCH,

Preparation of cyanate ester/SiO, hybrids

Before the cyanate ester/SiO, hybrid nanocompo-
sites were fabricated, the two solutions A and B
were prepared individually. Solution A was pre-
pared by dissolving the BADCy monomer in a THF
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solvent. Solution B was composed of TMOS (or
ECOS, or GPOS)/H,O/HCI/THEF in a specified mole
ratio. In the first step, TMOS, ECOS, or GPOS was
precisely weighed in and mixed with pure water in
a mole ratio of 2:1 (water/TMOS), and was then
poured into the THF solvent. An appropriate
amount of HCl was used to adjust the pH value of
Solution B to the level of 2. Meanwhile, HC] might
act as a catalyst for the hydrolysis of metal alkoxides
(TMOS, ECOS, or GPOS). Solution B was stirred at
room temperature for 30 min, so that it underwent
the hydrolysis and condensation reactions. Appro-
priately sized nanoparticles were thus obtained. Sub-
sequently, Solutions A and B were thoroughly mixed
and stirred for another hour to carry out the hydro-
lysis and condensation reactions further. Finally, the
resulting solution was cast upon an aluminum dish,
dried in a vacuum oven, and thermally treated at
progressively ascending temperatures of 80°C,
120°C, and 180°C for 1 h, then 230°C and 250°C for
2 h, respectively. The cyanate ester/SiO, hybrid nano-
composites were thus obtained.

Instrumentation

(1) Differential scanning calorimetry (DSC): Samples
approximately 3-6 mg in weight were sealed in her-
metic pans and were scanned in a differential scan-
ning calorimeter (Perkin—Elmer DSC-7) calibrated
with an indium standard. A stream of nitrogen at a
flow rate of 20 mL/min was used to purge the DSC
cell. (2) Fourier-transform infrared (FTIR) spectra
were recorded on a Digi-Lab FTS-40 FTIR spectrome-
ter. The samples were mixed with dried KBr powder
and were pressed into pellets. Spectra were obtained
in an optical range of 4004000 cm ' by averaging
32 scans at a resolution of 8 cm™'. (3) The molecular
structures of the synthesized poly(silsesquioxanes)
(POSS) precursors were characterized by solid state
Si NMR (Bruker Avance 400 NMR spectrometer).
(4) Particle size analysis of POSS precursors was con-
ducted in a Brookhaven 90plus particle size analyzer
before addition to the matrix. (5) The morphology of
the fracture surfaces of the hybrid was observed
with a JEOL 5610 scanning electron microscope
(SEM). (6) The thermal properties were determined
with a TA instrument, TGA 2960, at a heating rate of
20°C/min under nitrogen atmosphere. The tempera-
ture range for the TGA measurements was from 50
to 800°C. (7) Dynamic mechanical analysis (storage
E’ and loss (tan 9)) was performed over a tempera-
ture range of 50-350°C with a Perkin—-Elmer DMA-7
at a heating rate of 5°C/min and at 1-Hz frequency;
a thickness of ~ 30 um was used for measurement.
The temperature was calibrated with an indium
standard. A stream of nitrogen at a flow rate of 30 mL/
min was used to purge the DMA cell. (8) Dielectric

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 DSC thermograms at a heating rate of 20°C/
min; (a) neat BADCy, (b) with 5 phr TMOS (T5), (c) with
10 phr TMOS (T10), and (d) with 20 phr TMOS (T20).

constants were measured by an impedance analyzer
(HP4291B) coupled with HP16453A instrument at
frequencies of 1.8 GHz and 1 GHz.

RESULTS AND DISCUSSIONS

Before the nanocomposite systems were investigated,
the cure reaction of neat BADCy was preliminarily
examined through a cross-reference between FTIR
spectra and DSC thermograms. Figure 1(a) shows the
DSC thermogram of the neat BADCy at a heating
rate of 20°C/min. Only one exothermic peak was
observed in the DSC trace over the temperature range
of 240-360°C, suggesting that a cure reaction took
place during the thermal treatment. Correspondingly,
the FTIR spectra were measured to analyze the cure
reaction of BADCy. Shown in Figures 2(a) and (b) are
the FTIR spectra of the BADCy monomer and the
completely cured BADCy, respectively. Comparing
the difference of both spectra, the disappearing ab-
sorption bands of the cyanate at 2267 and 2237 cm ™"
were accompanied with the emerging absorption of
triazine (1565 and 1366 cm ™ '). This suggests that pol-
ycyclotrimerization is the exclusive reaction in the
system and only one type of linkage is formed during
the whole course of the reaction. Polycyclotrimeriza-
tion of aromatic dicyanates proceeds via a combina-
tion of three functional groups to form a triazine ring,
illustrated as Path 1 in Scheme 1, thereby forming a
highly crosslinked network.

BADCy/TMOS nanocomposite system

Characterization of hybrid in the cure reactions

Shown in Figures 1(b-d) are the DSC thermograms
of curing the BADCy hybrid associated with differ-
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ent levels of TMOS content (5, 10, and 20 phr),
respectively. DSC traces for sample T5 (5 phr TMOS)
and T10 (10 phr TMOS) show a main exothermic
peak accompanied by a shoulder peak in the lower
temperature region. The main exothermic peak shifts
to a lower temperature, when compared with that of
neat BADCy [Fig. 1(a)], suggesting that the BADCy
component was induced to undergo a reaction in the
presence of residual acid and hydrolyzed —OH
groups in the hybrid.**?* Acid or the —OH group
acts as a catalyst in the polycyclotrimerization of
dicyanate esters. The higher the content of TMOS
(hydrolyzed to form —OH groups), the further
towards lower temperatures the shift occurs, and
eventually, the main peak merges in the shoulder

ka) BADCy

(d) T10 “ l
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Figure 2 FTIR spectra for (a) neat BADCy monomer, (b)
cured BADCy, (c) cured T5 (with 5 phr TMOS), (d) cured
T10 (with 10 phr TMOS), and (e) cured T20 (with 20 phr
T™MOS).
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Scheme 1 Scheme for reactions; Path (1) polycyclotrimeri-
zation of dicyanate ester (BADCy); Path (2) reaction of
BADCy with GPOS; and Path (3) reaction of BADCy with
ECOS.

peak, as shown in Figure 1(d) (T20; 20 phr TMOS).
The shoulder peak is supposedly attributed to the
further condensation of the silica cluster (POSS) dur-
ing the cure reaction, which was demonstrated by
the SEM images in the following section by the
slight growth of the silica cluster observed during
the cure reaction.

The corresponding FTIR spectra for the cured
BADCy/SiO, hybrids are shown in Figures 2(c-e),
respectively. The characteristic absorption peaks of the
triazine at 1565 and 1366 cm ™' were observed in all the
cured samples (T5, T10, and T20), suggesting that poly-
cyclotrimerization of the dicyanate ester proceeds, and
the highly crosslinked hybrids were thus fabricated.
Besides, the characteristic absorption bands of the hy-
drolysis and condensation products of TMOS were
also observed. The spectra show absorption bands for
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Si—OH stretching at 3440 and 843 cm ', and the
broadened Si—O—Si absorption bands at 1123 and
1026 cm ™!, which can be assigned to the cage and net-
work structures of POSS, respectively.’*>!

The molecular structures of the synthesized POSS
precursors were characterized by a solid state *°Si
NMR, and these are affected by the factors of water
content, reaction time, and curing temperature.17’30
For TMOS, mono-, di-, and trisubstituted siloxane
bonds are designated as TY, T2, and T3, respectively.
Figure 3(a) displays the solid-state *’Si NMR spec-
trum of the cured nanocomposite sample T5. Chemi-
cal shifts of —57 and —66 ppm were detected, and
assigned to T? and T°, respectively. The solid-state
*Si NMR spectrum for samples T10 and T20 are not
shown here for brevity. All results showed that T°
was the predominant microstructure, revealing that
most of the TMOS formed a network or cage struc-
ture. This is comparable to the results of the FTIR
spectra.
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Figure 3 Solid-state 25 NMR spectrum for (a) cured

nanocomposite sample T5 (with 5 phr TMOS), and (b)
cured nanocomposite sample E20 (with 20 phr ECOS).
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Figure 4 SEM micrograph of the SiO, clusters before
being added to the cyanate ester.

Morphology of the BADCy/TMOS nanocomposites

In this study, the SiO, nanoparticles were generated
via the sol-gel process, involving hydrolysis and
condensation of a metal alkoxide precursor (TMOS).
The particle size of the SiO, cluster depends on the
conditions of the sol-gel process, which were previ-
ously described in the section on Preparation of Cya-
nate ester/SiO, Hybrids. Figure 4 shows the SEM
micrograph of the SiO, clusters before being added
to the cyanate ester. It was observed that the particle
size of the silica clusters is about 30-50 nm, conform-
ing to the value determined by the particle size ana-
lyzer (not shown here for brevity). Figures 5(a—c) are
the SEM micrographs of the fracture surfaces of the
completely cured hybrids for the samples T5, T10,
and T20, respectively. The particle size observed in
sample T5 [Fig. 5(a)] is in the range of 50-95 nm,
which gradually increases with the increase of
TMOS content, as shown in Figure 5(b,c) (10 phr
and 20 phr TMOS). Meanwhile, the amount of silica
clusters apparently increased with an increase of
TMOS content. On the other side, the particle sizes
in the cured hybrids (50-105 nm) were apparently
magnified, when compared with those before being
added to the cyanate ester (30-50 nm, as shown in
Fig. 4). This fact is supposedly attributed to the fur-
ther condensation of the silica cluster (POSS) during
the cure reaction.

Physical properties of the
BADCy/TMOS nanocomposites

Physical properties including the thermal degrada-
tion temperature, the glass transition temperature,
the storage modulus, and the dielectric constant
were thoroughly investigated by means of TGA,
DMA, and impedance analyzer. All of these mea-
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surements are previously described in the section on
Instrumentation, and all of the measured values are
summarized in Table L

Shown in Figure 6 are the typical TGA measure-
ments of the cured cyanate ester/SiO, hybrids for
samples of T5, T10, and T20, illustrating the thermal
stability (thermal degradation temperature) and the
char content. The thermal degradation temperature
(T4s%) is defined as the temperature at which the
weight loss is 5%. All of the Tj;s0, values (summar-
ized in Table I) are higher than that of the neat
BADCy network. But the values of T;so, gradually
increase with increasing silica content of the hybrid
resins. Weights of residual char are markedly higher

Figure 5 SEM micrographs of the fracture surfaces of the
completely cured hybrids for the samples (a) T5, (b) T10,
and (c) T20.
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TABLE 1
Physical Properties of the Cyanate Ester/SiO, Nanocomposites
Dielectric
TMOS  ECOS  GPOS Si0, TGA (°C)° T, pd constant (Dy)
Sample code (phr) (phr) (phr) (wt %)? (Tas9%) °C) (GPa) 1 GHz 1.8 GHz
BADCy (cured) 0 0 0 0 401 306 1.85 2.58 2.54
T5 5 0 0 2.18 419 296 2.12 2.47 2.31
T10 10 0 0 4.24 423 290 2.20 2.25 2.18
T20 20 0 0 8.06 424 285 2.25 2.03 1.95
E5 0 5 0 1.19 429 307 2.33 2.23 211
E10 0 10 0 2.29 395 290 1.75 2.24 2.08
E20 0 20 0 4.25 385 285 1.25 2.19 1.95
G5 0 0 5 1.24 414 305 1.73 2.30 2.20
G10 0 0 10 2.39 393 300 1.58 2.24 2.15
G20 0 0 20 4.44 383 285 1.28 2.27 1.98
T5E5 5 5 0 3.25 424 296 2.24 2.32 2.21
T5E10 5 10 0 4.25 406 285 1.97 2.30 2.20
T5G5 5 0 5 3.30 429 297 1.93 2.35 2.20
T5G10 5 0 10 4.35 402 284 1.78 2.31 2.19

? The silica contents were calculated by assuming that the sol-gel reactions proceed completely.
P The thermal degradation temperature (T;s¢,) is defined as weight loss 5 wt % in N, and is measured by TGA.
¢ The glass transition temperatures (T,) were determined from the peak temperature of tan § curve in the dynamic

DMA runs.

4 Values of storage modulus are defined as those at temperature of 50°C in the dynamic DMA runs.
¢ The dielectric constants (D) were determined with a HP4291B at frequency of 1 GHz and 1.8 GHz.

than the calculated values of silica content. The stor-
age moduli (E’) and tan 6 were recorded via dy-
namic DMA runs (not shown for brevity). The glass
transition temperature (Tg) is defined as the peak
temperature of tan & curve. For convenience, the
storage moduli (E’) listed in Table I were recorded at
a temperature of 50°C. The glass transition tempera-
tures (T,’s) in the nanocomposites showed only
slightly smaller values than those in the neat BADCy
system and exhibited a slight decrease with an
increase of the silica content of the hybrid resins,
mainly due to the increase of the free volume in the
hybrid resulting from the presence of the silica clus-
ter. On the contrary, the storage moduli (E’) showed
moderate increase with an increase in the silica con-
tent, because the silica clusters can act as fillers.
Regarding dielectric constant, a trend of decreasing
dielectric constant with increased silica content exists
that is due to the increase of the free volume in the
hybrid and the intrinsic property of POSS. POSS is
usually used as an agent to lower the dielectric con-
stant because of its high porosity.

BADCy/coupling agent systems

A coupling agent has been widely used to improve
the compatibility between the two phases for prepa-
ration of the organic/inorganic nanocomposites via
the sol-gel method.**'*!" Because the coupling
agents were simultaneously composed of the epox-
ide groups and alkoxysilyl groups, some interactions
between the polymer and the inorganic phases

occur, and hence the inorganic cluster is tethered to
the polymer main chain.

Characterization of the hybrid in the cure reactions

The cure reactions of liquid aromatic dicyanate ester
with different types of epoxy resins (glycidyl ether
type and cycloaliphatic oxide type) were investi-
gated.”” Similar chemical structures of the epoxide
groups with those previously studied were used in
this work. GPOS is a coupling agent with a glycidyl
ether group, and ECOS contains a cycloaliphatic ox-
ide group. In addition, the other end of GPOS and
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90 ——I5
[ ——T10
—~ 80 —o—T20
2 70}
o
3
:E, 60 p
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50
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Figure 6 TGA measurements of the cured cyanate ester/
SiO, hybrids for samples of T5, T10, and T20.
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Figure 7 DSC thermograms at a heating rate of 20°C/
min; (a) neat BADCy, (b) with 5 phr ECOS (E5), (c) with
10 phr ECOS (E10), and (d) with 20 phr ECOS (E20).

ECOS molecules were tethered with alkoxysilyl
groups, which are the source of POSS.

The sol-gel process was carried out by virtue of
hydrolysis and condensation of ECOS and GPOS,
as previously described. Nanocomposites of the
BADCy/ECOS hybrid or BADCy/GPOS hybrid
were subsequently fabricated. Cure reactions of
nanocomposites of the BADCy/ECOS hybrid or the
BADCy/GPOS hybrid were investigated through a
cross-reference between FTIR spectra and DSC ther-
mograms. Shown in Figures 7(a—d) are the DSC ther-
mograms of curing the BADCy hybrid associated
with different levels of ECOS content (0, 5, 10, and
20 phr), respectively. In the presence of the ECOS
component, only one exothermic peak exists, which
dramatically shifts to a much lower temperature,
when compared with neat BADCy [Fig. 7(a)], sug-
gesting that the BADCy component reacts with the
ECOS component and/or the BADCy component,
which was catalyzed to undergo a polycyclotrimeri-
zation in the presence of residual acid and hydro-
lyzed —OH groups in the hybrid during the cure
reaction. In addition, further condensation of POSS
may also have occurred. Similarly, shown in Figures
8(a—d) are the DSC thermograms of curing the
BADCy hybrid associated with different levels of
GPOS content (0, 5, 10, and 20 phr), respectively.
Interpretation of the reactions for the BADCy/GPOS
hybrid is the same as those for the BADCy/ECOS
hybrid. Shifts to a lower temperature of the BADCy/
GPOS hybrids were less pronounced than those of
the BADCy/ECOS hybrids, implying that GPOS
accelerated the cure reaction less effectively than
ECOS did.

The corresponding FTIR spectra for the cured
BADCy/ECOS hybrids are shown in Figures 9(d—f),

Journal of Applied Polymer Science DOI 10.1002/app
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respectively. Curves (a)—(c) are for comparison. For
all the cured samples (E5, 5 phr ECOS; E10, 10 phr
ECOS; E20, 20 phr ECOS), the FTIR spectra show the
consumption of most cyanate and epoxide groups.
Simultaneously, concomitant reactions including the
formation of triazine rings, oxazoline linkages, and
POSS structures were also observed. The occurrence
of these reactions can be verified by observing the
following phenomena: (a) disappearing absorption
bands of the cyanate group (2267 and 2237 cm™)
and epoxide group (914 cm ™), (b) emerging absorp-
tion bands of triazine (1565 and 1366 cm ') and oxa-
zoline structure (1678 cm '), and (c) formation of
POSS structure (the broadened Si—O—Si absorption
bands at 1123 and 1026 cm ™). The formation of tria-
zine rings resulted from the polycyclotrimerization
of BADCy, and oxazoline linkages were formed
from the reaction of cyanate groups on the BADCy
molecules with the epoxide groups on the ECOS
molecules. This BADCy/ECOS hybrid underwent
two reactions, illustrated as Path 1 and 3 in Scheme
1. In addition, the POSS structures were generated
from the hydrolysis and condensation of alkoxysilyl
groups on the end of ECOS molecules. The broad-
ened Si—O—Si absorption bands at 1123 and 1026
cm ™! can be assigned to the cage and network struc-
tures of the POSS**?' respectively. Collectively,
these results revealed that the ECOS molecules were
capable of forming covalent bonds between the cya-
nate esters and SiO, phases.

FTIR spectra for the cured BADCy/GPOS hybrids
were shown in Figures 10(d—f), respectively. All re-
actions occurring in the BADCy/ECOS hybrid also
took place in the BADCy/GPOS hybrid. This BADCy/
GPOS hybrid underwent two reactions, illustrated as
Path 1 and 2 in Scheme 1.
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Figure 8 DSC thermograms at a heating rate of 20°C/
min; (a) neat BADCy, (b) with 5 phr GPOS (G5), (c) with
10 phr GPOS (G10), and (d) with 20 phr GPOS (G20).
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Figure 9 FTIR spectra for (a) neat BADCy monomer, (b)
pristine ECOS, (c) cured BADCy, (d) cured E5 (with 5 phr
ECOS), (e) cured E10 (with 10 phr ECOS), and (f) cured
E20 (with 20 phr ECOS).

A representative solid-state *’Si NMR spectrum
was shown in Figure 3(b), displaying the cured
nanocomposite sample E20 (20 phr ECOS). Chemical
shifts of —57 and —66 ppm were detected and
assigned to T> and T°, respectively. All samples (E5,
E10, E20, G5, G10, and G20) showed that T° was the
predominant microstructure, revealing that most of
the alkoxysilyl groups formed network or cage struc-
tures—results that were similar with those for the
BADCy/TMOS nanocomposites.
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Morphology of the BADCy/coupling
agent nanocomposites

The SiO, nanoparticles were generated from the hy-
drolysis and condensation of alkoxysilyl groups on
the end of the coupling agents (ECOS or GPOS) via
the sol-gel process. The particle size of the SiO, clus-
ters before being added to the cyanate ester was in
the range of 10-30 nm (not shown here for brevity).
It was apparently smaller than those in the TMOS
systems (30-50 nm), probably due to the fact that

l(a) BADCy |
(b) GPOS
|(e) BADCy (curea)] | | | ||

ka) G5

le) G10

al
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 10 FTIR spectra for (a) neat BADCy monomer, (b)
pristine GPOS, (c) cured BADCy, (d) cured G5 (with 5 phr
GPOS), (e) cured G10 (with 10 phr GPOS), (f) cured G20
(with 20 phr GPOS).
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the alkyl chain in the coupling agents (ECOS or
GPOS) hindered the condensation of the alkoxysilyl
groups to form POSS clusters. Steric hindrance
effects obviously increased as the condensation of
POSS cluster continuously proceeded, and hence the
number of alkyl chains bonded to the POSS cluster
increased. That is why the silica clusters maintained
a smaller size. Figures 11(a—c) are the SEM micro-
graphs of the fracture surfaces of the completely
cured hybrids for the samples E5, E10, and E20,
respectively. The amount of silica clusters apparently
increased with the increase in the ECOS content, but
the particle sizes seemed unaltered and were in the
range of 30-50 nm. These sizes were slightly magni-
fied, when compared with those before being added
to the cyanate ester (10-30 nm). This fact is suppos-
edly attributed to the further condensation of the
silica cluster (POSS) during the cure reaction, but is
still subject to the steric hindrance effect of the alkyl
chains around the silica cluster. Nevertheless, the
particle sizes of the cured hybrid in this system did
not increase with an increase of ECOS content and
were much smaller than those in the BADCy/TMOS
system (50-105 nm), which can be mainly attributed
to the covalent bonding of ECOS with BADCy. The
silica clusters were thus dragged away and were
homogenously separated and tethered to the BADCy
network.

The phenomena in the BADCy/ECOS hybrids
were also observed in the BADCy/GPOS hybrids. In
the BADCy/GPOS system, the amount of silica clus-
ters apparently increased with an increase of GPOS
content, but the particle sizes remained unaltered,
compared with those in the BADCy/ECOS system,
and were also homogenously separated in the parti-
cle size range of 30-50 nm.

Physical properties of the BADCy/coupling
agent nanocomposite

The physical properties of the BADCy/coupling
agent nanocomposites are summarized in Table I.
Despite the fact that the silica content increased with
increasing coupling-agent contents in the hybrid res-
ins, the values of Tgsy, Ty and the storage moduli
(E') either in the BADCy/ECOS hybrids or in the
BADCy/GPOS hybrids gradually decreased when
increasing the coupling agent content. For the same
content of metal alkoxide precursors (such as E5 vs.
T5, or E10 vs. T10, etc.), all the samples in the
BADCy/coupling agent always exhibited inferior
mechanical properties and thermal stability than
those in the BADCy/TMOS hybrids. Nevertheless,
the values of Tj;s9, in the samples containing 5 phr
coupling agent were still higher than those in the
neat BADCy network. The main reasons for this
are supposed as follows: (1) the increase of the free
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Figure 11 SEM micrographs of the fracture surfaces of
the completely cured hybrids for the samples (a) E5, (b)
E10, and (c) E20.
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volume in the hybrid, (2) the presence of ether link-
ages in the coupling agent and hence in the hybrids,
(3) the decrease of crosslink density resulting from
the addition of coupling agents which participated
in the reaction with cyanate groups on the BADCy
monomer.

For the BADCy/coupling agent nanocomposites, a
trend of decreasing dielectric constant with increased
silica content exists, which is virtually the same as in
the BADCy/TMOS nanocomposites. A higher POSS
content leads to higher porosity and larger free vol-
ume in the hybrid.

BADCy/TMOS/coupling agent system

The characterization of the BADCy/TMOS nanocom-
posites shows improved physical properties and a
slightly larger particle size with increased silica con-
tent. On the other hand, the characterization of the
BADCy/coupling agent nanocomposites illustrated
weakened physical properties but are of smaller and
homogenous particle sizes, irrespective of the silica
content. Therefore, the BADCy/TMOS/coupling agent
system was designed to combine the advantages of
the two systems as mentioned earlier.

The preparation method of this system was some-
what different from the one in the BADCy/TMOS
and BADCy/coupling agent systems. To avoid reac-
tivity discrepancies between TMOS and the coupling
agents, the two components were separately dis-
solved in different solutions. The coupling agent
(GPOS or ECOS) was dissolved in THF solvent to-
gether with BADCy rather than with TMOS, and it
is referred to as Solution A, whereas Solution B was
composed of TMOS/H,O/HCI/THF in a specified
mole ratio. The sol-gel process was carried out first
for Solution B to produce the isolated nanoparticles,
as previously described in the Preparation of Cya-
nate ester/SiO, Hybrids section. Subsequently, Solu-
tions A and B were thoroughly mixed and stirred
for another hour to further hydrolysis and condensa-
tion reactions. The subsequent procedures were vir-
tually the same as previously described. The BADCy/
TMOS/coupling agent nanocomposites were thus fab-
ricated. Some formulations were designed, such as
samples of T5E5, T5E10, T5G5, and T5G10, and these
compositions are listed in Table I, respectively.

The microstructure was demonstrated to be a
highly crosslinked nanocomposite composed of iso-
lated SiO, clusters and tethered SiO, clusters, includ-
ing the following aspects. (1) One end of the cou-
pling agent underwent reactions with BADCy to
form an oxazoline structure, while the other end of
the coupling agent was capable of forming SiO, clus-
ters. (2) The isolated particles of the SiO, clusters
were generated from the TMOS component. The
nanoparticles were homogenously distributed in the
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hybrid, and the particle sizes were in the range of
30-80 nm. The part of smaller particle sizes is sup-
posedly attributed to the coupling agents, whereas
the part of larger particle sizes resulted mainly from
the TMOS component. The particle sizes could be
controlled by adding different amounts of TMOS
component.

Physical properties in the BADCy/TMOS/coupling
agent nanocomposites are summarized in Table L
The glass transition temperatures (T,’s) in those nano-
composites showed only slightly lower values than
that in the neat BADCy system. Nevertheless, all the
values of storage moduli (E’; except for T5G10) and
T4, were superior to those in the neat BADCy net-
work. The values of Tyse, T,, and storage moduli (E')
in the nanocomposites gradually decreased with in-
creasing SiO, content. The dielectric constants of
those nanocomposites were also reduced.

CONCLUSIONS

It is believed that introducing inorganic particles into
a polymer matrix can enhance the thermal stability
and mechanical properties of the resulting compo-
sites, particularly when introducing nanoparticles.
BADCy/TMOS nanocomposites containing isolated
silica nanoparticles were produced as expected. It can
be inferred that the use of coupling agents improves
some of the physical properties, because the coupling
agent strengthens the bonding between the organic
polymer matrix and the inorganic particles. Unfortu-
nately, the coupling agents (GPOS and ECOS), which
were used in this study, did not result in the desired
target. Although oxazoline linkages were generated to
form covalent bonds between the cyanate esters and
the coupling agents, and silica clusters were simulta-
neously tethered to the matrix, the desired preferable
physical properties could not be achieved probably
due to the presence of ether linkages and longer
soft chains in the coupling agent, and hence in
the BADCy/coupling agent hybrids. However, the
BADCy/TMOS/coupling agent system was success-
fully designed to combine the advantages of the two
mentioned systems.

In the highly crosslinked BADCy/TMOS hybrid
system, the particle sizes can be controlled within
the range of 50-105 nm by adding different amounts
of TMOS. In the highly crosslinked BADCy/cou-
pling agent hybrid system, the particle sizes were
kept small in the range of 30-50 nm, irrespective of
the amounts of coupling agent added. The BADCy/
TMOS/coupling agent hybrid system simultaneously
possessed both isolated and tethered silica clusters
in the range of 30-80 nm. Steric hindrance effects of
alkyl chains on the coupling agent obviously played
an important role in the later two cases.
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Although the thermal property (T;s0,) and the me-
chanical property (E’) in the BADCy/coupling agent
hybrid system showed weakened values, extra
addition of the TMOS component in those hybrids
(i.e., BADCy/TMOS/coupling agent hybrid) could
improve Tys¢, and E' to some extent. Even for the
samples T5E10 and T5G10, the T;s9, and E’ values
were still higher than those in the neat BADCy
network.

All the glass transition temperatures (T,’s) in the
nanocomposites showed only a slightly lower value
than that in the neat BADCy system, supposedly
attributed to the increase of the free volume result-
ing from the formation of silica clusters. On the
other hand, all the dielectric constants in the nano-
composites were significantly reduced, probably due
to the increase of the free volume in the hybrid and
the vast porosity of poly(silsesquioxanes).
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