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High-Performance Polybenzoxazine
Nanocomposites Containing Multifunctional
POSS Cores Presenting Vinyl-Terminated

Benzoxazine Groups

Kai-Wei Huang, Shiao-Wei Kuo*

We have prepared a new class of polybenzoxazine/POSS nanocomposites through the reac-
tions of a multifunctional vinyl-terminated VBa-POSS with a VBa monomer at various
compositional ratios. The incorporation of the silsesquioxane core units into the polybenzox-
azine matrix significantly hindered the mobility of the polymer chains and enhanced the

thermal stability of these hybrid materials.
improved their thermal and mech-  #ese
anical properties, relative to those of
the neat polybenzoxazine, because
of hydrogen bonding between the
siloxane groups of the POSS core
units and the OH groups of the poly-
benzoxazine moieties, as adjudged
using FTIR spectroscopy.
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Introduction

1,3-Benzoxazines are intriguing heterocyclic (oxazine-con-
taining) compounds that have attracted considerable
attention for their use as cyclic monomers. They are
synthesized through the reactions of primary amines with
phenol and formaldehyde; they can be polymerized
through ring-opening polymerization in the absence of a
catalyst, releasing no byproducts.”) Furthermore, poly-
benzoxazines have unique properties such as excellent
dimensional stability, flame retardancy, stable dielectric
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constants, and low surface free energy not found in
traditional phenolic resins.~")

To improve the performance of polybenzoxazines,
polymerizable alkynyl and allyl side groups have been
introduced into the benzoxazine monomers.* ¢! These
functionalized benzoxazines can be polymerized into
products possessing three-dimensional networks that
display high thermal and mechanical stability and high
solvent and moisture resistances. Another approach
toward improving the stability of polybenzoxazines is
their blending with other polymers,*”~*! or inorganic
materials. The development of polymer/inorganic nano-
composites possessing attractive properties has attracted
much research interest in recent years. If the two
components are miscible at the nanometer level, they
usually perform better than conventional composites.
Blends of polymers and montmorillonite (clay) have been
studied extensively because a small amount of well-
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dispersed clay in a polymer matrix can improve its
mechanical and thermal properties. The inorganic layered
silicate structure of clay, however, does not permit its high
dispersion in the organic polymer matrix; therefore, it is
essential to pre-treat the clay with appropriate surfac-
tants.2°22 Recently, novel classes of organic/inorganic
hybrid materials based on polyhedral oligomeric silses-
quioxanes (POSS) have been developed.[?*74! POSS possess
an inorganic SigO;, core, which can be selectively
functionalized with seven inert organic hydrocarbon
groups and one reactive functional group, or with eight
reactive functional groups that may undergo polymeriza-
tion or cross-linking.*>™**! When these inorganic POSS
particles are distributed evenly within the organic matrix
on the nanometer scale (1-100 nm), they usually improve
the thermal stability and mechanical strength dramati-
cally.**7) Unlike clays or conventional fillers, POSS
derivatives are monodisperse, with well-defined molecular
weights and structures, low densities, and high-tempera-
ture stabilities; they contain no trace metals and exhibit
sizable interfacial free energies for their interactions with
polymer segments. Because POSS compounds can contain
oneor morereactive sites, they arereadily incorporated into
common polymers. To improve the properties of poly-
benzoxazine, a POSS derivative can be introduced directly
into a matrix featuring polymerizable groups.[4¢=>]

In this study, we combined the advantages of using an
allyl-functionalized benzoxazine and POSS nanocompo-
sites to enhance the thermal and mechanical properties of
the resulting polybenzoxazine matrix. Previously, Lee
et al.l*®! prepared a monofunctional benzoxazine-substi-
tuted POSS (BZ-POSS) through hydrosilylation of a vinyl-
terminated benzoxazine (VBa) with a hydrosilane POSS
derivative (H-POSS) and then its incorporation into P(B-a)
and P(P-a)-type polybenzoxazine matrices through ring-
opening polymerization. They also reacted mono- and
multi-hydrosilane-functionalized POSS derivatives with
the VBa monomer and then subjected the products to
ring-opening polymerizations; they found that the glass
transition temperature (T;) increased upon increasing the
POSS content. In addition, the blending of a non-reactive
POSS derivative (isobutyl-POSS) with VBa resulted in
polymers exhibiting lower values of T; than that of the
pure polymerized VBa (PVBa) because of poor miscibility
between isobutyl-POSS and VBa. In the syntheses of all of
these polybenzoxazine/POSS nanocomposites, allyl groups
were absent during the ring opening polymerizations.

In this study, we synthesized a multifunctional POSS
bearing eight VBa-POSS groups from the reaction of
octaphenol POSS!**~>*! with formaldehyde and allyl amine;
we then copolymerized it with VBa benzoxazine monomers
through ring opening polymerization. Because these
polybenzoxazine/POSS hybrid materials incorporate large
numbers of POSS units into their polybenzoxazines, they
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exhibit notably improved thermal and mechanical stabi-
lity, as evidenced through thermogravimetric analysis
(TGA) and dynamic mechanical analysis (DMA).

Experimental Part
Materials

Paraformaldehyde and allylamine were purchased from Tokyo
KaseiKogyo Co. (Japan). The platinum complex (Pt-dvs, 2 wt.-% Ptin
xylene) was purchased from Aldrich (USA). Prior to use, the solution
of the Pt complex was diluted 100-fold with xylene. Toluene was
dried by distillation prior to use in the hydrosilylation reactions.
Octakis(dimethylsiloxy)silsesquioxane (QgM%), which contains
eight hydrosilane groups, was purchased from Hybrid Plastics
Co. (USA). The benzoxazine monomer VBa was prepared according
to reported procedures.*”! Octakis[dimethyl(4-hydroxyphenethyl)-
siloxy]silsesquioxane (OP-POSS) was prepared through hydrosily-
lation of 4-acetoxystyrene with QgME and subsequent hydrolysis
of the acetoxy units.[>6~>9]

Preparation of Multifunctional VBa-POSS

Vinyl-terminated benzoxazine POSS was synthesized using the
procedure presented in Scheme 1. Paraformaldehyde (0.93 g) was
added at room temperature to a solution of OP-POSS (2.23 g) and
allylamine (0.89g) in CHCl; in a 50-mL three-neck flask. After
stirring for 30 min, the temperature was raised gradually to 90 °C
and then the mixture was heated under reflux for 4 h. The product
was precipitated by pouring the mixture into rapidly stirred ethyl
ether (40 mL). The resultant product was collected by filtration and
dried inavacuum ovento yield VBa-POSS as a viscous yellow liquid.

Preparation of VBa-Type Polybenzoxazine and VBa-POSS
Hybrids

Both the VBa monomer and VBa-POSS are soluble in tetrahydro-
furan (THF) and then this solution is allowed to dry in air prior to
curing. A desired amount of the VBa-type benzoxazine monomer
and VBa-POSS was stirred for 2h at room temperature and then
poured onto an aluminum plate to dry for 6 h in the open air before
beingplacedinanovenat100 “Cunder vacuumfor 2 h. The cast film
was polymerized in a stepwise manner, at 140 and 160 °C for 3h
each and then at 200 °C for 4 h. The product was post-cured at 220
and 240 °Cfor 30 min each. Each cured sample was transparent and
had a dark red color (thickness: ca. 0.2 mm).

Characterization

*H NMR spectra were obtained using an INOVA 500 instrument.
FTIR spectra of the polymer blend films were recorded using the
conventional KBr disk method. The films used in this study were
sufficiently thin to obey the Beer-Lambert law. Fourier-transform
infrared (FTIR) spectra were recorded using a Bruker Tensor 27 FTIR
spectrophotometer; 32 scans were collected at a spectral resolution
1cm ™. Because polymers containing OH groups are hygroscopic,
pure N, gas was used to purge the spectrometer’s optical box to
maintain dry sample films. Generalized two-dimensional (2D)

DOI: 10.1002/macp.201000362



High-Performance Polybenzoxazine Nanocomposites Containing...

Macromolecular
Chemistry and Physics

(a) QsM;" (b) OA-POSS
d e
HMe,Sio o 0OSiMe,H R0 o /]J\/Q/Y
O>Si/ ~si” ﬁ s~ O~si” Bsilyl R: g o NoHL/HA0
HMe,Sio £ L0~ 0/\ 0—C—CH; R—O< 0770 g\ < ¢ 2H4T2
sid si8 V4 S o
[ \ o7?/|e2H /N \OorR ,
HM%Suo\\ _ od RS\ o'Si\O,/g,Si\O,R a-silyl R: 1,4 dioxane, 25 °C
\ 275" ~07/ -5~ osiMe,H Pi(dvs), Toluene, 60 °C S0 %4o - g
si__—si” o 9T, si °
. o . / AN RN
HMe,Sio OSiMe,H R R a
e
(c) OP-POSS
d on (d) VBa-POSS ;
RTONg~0~g O R b f R0 ~0—g O R oNi
R0~ 050 \ BsiylR: g R—0~g0~g0 | o 1 Le
00 : ¢ > 00 SilylR: g ~
07-R St
JA Y N CH0, NHy 7 J 7R Prily ONFE hog
R\\ 0'.Sl\o_/—.SI\07R b R\\ o/Si\O_/f,Si\O_R
S0 s a-silyl R: CHCI S0 g0 b'
o TN, ’ ¢ d } TTOTN a-silyl R:
/ AN Si / AN
R R .
R PR R AN
OH Fi

]
N)i'
g'g

f €

B Scheme 1. Chemical structures and reaction schemes for the syntheses of (a) QgM{, (b) OA-POSS, (c) OP-POSS, and (d) VBa-POSS.

correlation analysis was performed using the 2D Shige software
developed by Shigeaki Morita (Kwansei-Gakuin University, Japan).
In the 2D correlation maps, white-colored regions are defined as
positive correlation intensities; shaded regions are defined as
negative correlation intensities. The dynamic curing kinetics were
studied under a N, atmosphere using a TA Q-20 differential
scanning calorimeter. The sample (ca. 7 mg) was placed in a sealed
aluminum sample pan. Dynamic curing scans were conducted
from 30 to 350 °C at a heating rate of 10 °C- min . The dynamic
mechanical behavior of each cured sample was studied using a
DuPont 2980 dynamic mechanical analyzer. The cured sample was
polished to ca. 3.0 x 13.0 x 30.0 mm?® and then mounted on a single
cantilever clamp. The mechanical properties were measured
under N, in step mode every 5 °C from 25 to 350 °C at a frequency
(r) of 1 Hz. The thermal stability of each sample was characterized
under a N, atmosphere using a TA Q-50 thermogravimetric
analyzer. The cured sample (ca. 7mg) was placed in a Pt cell and
heated at arate of 20 °C - min~* from 30 t0 800 °C at a N, flow rate of
60 mL-min *. To observe the phase structures of the polybenzox-
azine/POSS nanocomposites, samples were prepared using curing
reactions. The fractured surfaces were immersed in CH,Cl, at room
temperature for 30 min. The POSS phases were preferentially
etched by the solvent; the VBa matrix phases remained unaffected.
The fracture surfaces were coated with thin layers of gold (ca. 100
A). All specimens were examined using an FEI Quanta 200
environmental scanning electron microscope operated at 20 kV.

Results and Discussion

Synthesis of VBa-POSS

Figure 1adisplaysthe 'H NMR spectra of octakis[dimethyl(4-
acetoxyphenethyl)siloxy]silsesquioxane (OA-POSS). Signals
for the vinyl (§ = 5.8) and SiH protons (§ ~ 4.7) are absent in
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this spectrum, confirming that the hydrosilylation reaction
had reached completeness. The spectrum reveals that the
vinyl groups of acetoxystyrene underwent hydrosilylation
of the Si—H bonds of QgMY! in both « and B configurations,
i.e., OA-POSS features a mixture of these two orientations.
From integration of the signals for the protons on the
benzylic carbon atoms marked b (2H, 3-side groups) and b’
(1H, a-side groups), we estimated the molar ratio of g to «
linkages to be 1.82:1. We used acetoxyl-hydrazinolysis
(Scheme 1c) with hydrazine monohydrate to selectively
deprotect the acetyl groups from OA-POSS at 25 °Cfor 2 h to
obtain OP-POSS in high yield. The *H NMR spectrum of OP-

(c) VBa-POSS

(b) OP-POSS
E d d-DMSO
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deuterated dimethyl sulfoxide (DMSO-de), and (c) VBa-POSS in

I Figure 1. "H NMR spectra of (a) OA-POSS in CDCl;, (b) OP-POSS in
cpcl,.
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POSS (Figure 1b) reveals the absence of a signal at 2.2 ppm
for the acetoxy groups (He); in addition, a peak (§=9.0)
corresponding to the protons of the OH groups appeared
after hydrolysis. Figure 1c displays the *H NMR spectrum of
VBa-POSS. The signal for the OH groups is absent; signals
appear at §=3.9 and 4.8, corresponding to the methylene
bridge protons of the oxazine unit. The vinyl group appears
as two signals, at §=5.21 and 5.88, in a 2:1 ratio. The
aromatic protons appear as amultiplet at § = 6.77-7.16. The
signals of the protonslocated between the vinyl groups and
the nitrogen atoms appear at § =3.37 and 3.13, confirming
that two isomers exist in VBa-POSS (« and B linkages), as
indicated in Scheme 1d. Figure 2 shows the *°Si NMR
of QgMLE, OA-POSS, OP-POSS, and VBa-POSS. The peaks at —
109.3, ppm are represented for the siloxane core, whose
signal-to-noise ratio will dominate the spectrum. In
addition, the peak at §=-2.1 are known for -O-
Si(CHs),H of QgMY and after hydrosilylation with 4-
acetoxystyrene, it would split into two peaks at §=10.2
and 119 for —0O-Si(CH;),—CH,—CH,—CgH,—OAc and
—0—Si(CH3),—CH(CH;)—CgH,—OAc, respectively. Clearly,
the chemical shift indicates that the hydrosilylation
reaction occurred to completion under the reaction condi-
tions. After hydrazinolysis, these two peaks shift to § =10.6
and 13.7 for —0O-Si(CH;),—CH,—CH,—C¢H,—~OH and
—0—Si(CH3),—CH(CH;)—CgH,—OH, respectively. These
two peaks did not change of VBa-POSS when compared
with OP-POSS.

Figure 3 presents the FTIR spectra of QsME, OA-POSS, OP-
POSS, and VBa-POSS. The strong absorption signal at ca.
1100 cm™ * for each compound represents the vibrations of
the siloxane Si—O—Si groups; this signal is a general feature
of all POSS derivatives. The characteristic stretching
vibrations of the Si—H groups of QgMY appear at
2200 cm ™ * (Figure 3a). For OA-POSS, this peak was absent,
indicating that the hydrosilylation had reached comple-

(d) VBa-POSS

(c) OP-POSS

(b) OA-POSS

(@ QM," L

L L N S B B
60 40 20 0 -20 -40 -60 -80
X Axis Title

— T T T T T 1
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Figure 2. *Si NMR spectra of (a) QgM} in CDCl,, (b) OA-POSS in
CDCl;, (c) OP-POSS in DMSO-d, and (d) VBa-POSS in CDCl;.
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I Figure 3. FTIR spectra of (a) QgMf, (b) OA-POSS, (c) OP-POSS, and
(d) VBa-POSS.

tion. Furthermore, a peak was present for the C =0 groups
from the acetoxystyrene units (1765cm™*), providing
evidence for the successful attachment of the acetoxystyr-
ene units to the POSS core. The spectrum of OP-POSS after
hydrolysis (Figure 3c) lacks the C = O stretching vibration; a
broad peak at 3350cm ' indicates the presence of OH
groups. The FTIR spectrum of VBa-POSS (Figure 3d) lacks a
signal for the OH groups; signals for carbon—carbon
stretching vibrations of 1,2,4-substituted benzene rings
and for asymmetric C—O—C stretchings appear at 1490 and
1230cm ™3, respectively. In addition, the characteristic
absorption bands of the allyl group appear at 3075
(stretching of =C—H bonds) and 1644 (stretching of C=C
bonds) cm?, with out-of-plane bending vibrations of the
olefinic CH bonds appearing at 860-864 and 991-
997 cm™*.*® Thus, the *H, 2°Si NMR and FTIR spectra are
indicative of the successful preparation of VBa-POSS.

Thermal Polymerization of VBa-POSS

We used DSC analysis to investigate the curing behavior of
pure VBa-POSS. For uncured VBa-POSS (Figure 4a), we
observed two exotherms, similar to those observed for pure
VBa. The onset temperature of the first exotherm was ca.
180 °C with an exotherm peak at 234 °C; the apparent onset
of the second exotherm was at 245 °C with an exotherm
maximum at 270°C, when heating at a rate of
10°C-min 2. The two exotherms are responsible for
both allyl and benzoxazine polymerization.[#¢%¢* The total
exotherm for pure VBa-POSS was 142.67- g’l, lower than
that for pure VBa (423.2J - g ); the exothermal peak of VBa-
POSS (260 °C) was positioned at a higher temperature than
that of pure VBa (207 °C) because of the dilution effect of the
POSS units, which inhibited the thermal curing of VBa.[?#]
Figure 4 also displays DSC curves of pure VBa-POSS after
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Figure 4. DSC curve of VBa-POSS recorded after each curing
stage.

curing at various temperatures. The first exotherm,
corresponding to the cross-linking of allyl groups, dis-
appeared after curing at 200 °C. The intensity of the second
exotherm decreased upon increasing the curing tempera-
ture, almost disappearing after curing at 240 °C.1*!

To ascertain which reactions were occurring during each
exotherm in the DSC traces, we used FTIR spectroscopy to
characterize the curing processes of the pure VBa-POSS
systems at various temperatures. Figure 5 presents IR
spectra recorded after each curing cycle of pure VBa-POSS.
The characteristic absorption bands of the unsaturated allyl
group (at 3080 and 991 cm %) disappeared after curing at
180°C (Figure 5a); in addition, a new band for the
tetrasubstituted aromatic ring of the PVBa appeared at
1480 cm *, with corresponding decreases in intensity of
the bands representing the trisubstituted aromatic ring of
VBa (1498 and 943 cm ™ %). The broad absorption bands at
2500-3500cm " in Figure 5b—g represent three different
kinds of hydrogen bonding interactions: O™---H*N intra-
molecular hydrogen bonding at ca. 2750cm™*, OH---N
intramolecular hydrogen bonding at ca. 3200cm %, and
OH. - -Ointermolecular hydrogen bonding at ca. 3420 cm ™ %;
the identities of these signals have been discussed
previously.®?’ More importantly, the maximum peak
position of the siloxane vibration band shifted from
1089cm * for the uncured VBa-POSS (Figure 5a) to
1082 cm ' after thermal curing (Figure 5b—g), suggesting
that the siloxane groups of POSS interacted with the OH
groups of the polybenzoxazine.!*®!

Figure 6 presents FTIR spectra of pure VBa-POSS after
curing at 180 °C for various lengths of time. The character-
istic absorption bands of the unsaturated allyl group (3 080
and 991 cm ') and trisubstituted aromatic ring (1498 and
943 cm ™) of VBa-POSS disappeared during the early stages
of curing (ca. 10-15min). Here, we used 2D correlation
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spectroscopy to further characterize the interactions
changes occurring to the pure VBa-POSS sample after
various curing times. This approach, which treats the
spectral fluctuations as a function of time, temperature,
pressure, and composition, has been applied widely in
polymer science!®*°®! as a novel method for investigating
the specific interactions between polymer chains. White
and shadow areas in 2D IR correlation contour maps
represent positive and negative cross-peaks, respectively.

Figure 7a presents the synchronous 2D correlation maps
in the range 3700-2500cm . Our assignments of the
absorption bands in this spectral range are discussed above
(see Figure 5). Clear, positive cross-peaks existed between
the all signals in this range, implying that all underwent
changes in the same direction (i.e., they increased together

—

VBa-POSS at 180°C

| 100min N
| domin SN
Lomin

/

— T T T T 74 T T T T T T
3500 3000 2000 1500 1000 500

¢

Absorbance (a.u.)
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Figure 6. FTIR spectra of VBa-POSS after treatment at 180 °C for
various curing times.
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the FTIR spectroscopic data for VBa-POSS treated for various

I Figure 7. (a) Synchronous and (b) asynchronous 2D maps of
curing times.

upon increasing the curing time, according to Noda's rule,
because the degree of thermal curing increased upon
increasing the curing time.l®*! Figure 7b displays the
asynchronous 2D correlation maps in the range 3700—
2500 cm ™ *. We observe no auto or cross-peaks within the
ranges 2700-2500cm * (O™---H"N) or 3400-3200cm *
(OH- - N), implying that signals for intramolecular hydro-
gen bonding existed in these spectral ranges, consistent
with our previous assignments. The cross-peaks between
the signal at 3400-3200cm ' and those at 3600-
3420cm ' in Figure 7b exhibit opposing intensity orders,
indicating that these two bands result from different
polymer chains, i.e., they represent intramolecular OH- - -N
hydrogen bonding, intermolecular OH. - -O hydrogen bond-
ing, and free OH groups. In addition, the positive peaks at
3400-3200cm ' in the asynchronous map of Figure 7b
imply that the intensity of the signal at 3 200 cm™* (OH.- - -N)
altered before that at 3420 cm ™" (OH- - -O) upon increasing
the curing time. Thus, the 2D map reveals that the sequence

VB-a POSS, heat
[ .
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of changing intensity of these two bands was
3200 > 3420 cm ™. The initial formation of intramolecular
OH-: - N hydrogen bonds that later transformed into OH- - -O
intermolecular hydrogen bonds upon increasing the curing
time is consistent with results reported previously.[69]

Preparation of Polybenzoxazine/POSS
Nanocomposites

Scheme 2 displays our approach toward the preparation of
polybenzoxazine/POSS composites. Both the VBa monomer
and VBa-POSS are soluble in THF and then this solution is
allowed to dry in air prior to curing. Figure 8 displays the
curing exotherms of neat VBa, neat VBa-POSS, and binary
mixtures of the two at various weight ratios. Each curve
features two exotherms — one corresponding to thermal
curing of the allyl group, and the other toring opening of the
oxazine ring, as mentioned in our discussion of Figure 4 —
indicating that the incorporation of VBa-POSS did not
change the curing mechanism of neat VBa. Nevertheless,
the maximum peak temperature shifted to higher tem-
perature and the enthalpies of curing decreased upon
increasing the VBa-POSS content in the polybenzoxazine/
POSS nanocomposites. These results indicate that the
presence of POSS moieties retarded the thermal curing of
neat VBa because of a dilution effect of the randomly
distributed POSS nanoparticles in the polybenzoxazine
matrix, thereby decreasing the rate of curing relative to that
of pure VBa.

Figure 9 presents the storage moduli (E') and loss tan §
curves of the PVBa and VBa-POSS hybrids incorporating
various contents of VBa-POSS. The initial storage modulus
of the unmodified PVBa was 3 280 MPa at 50 °C. The initial

(9 :>
/ VB-a <

CHs
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I Figure 8. Curing behavior, determined through DSC analyses, of
VBa/VBa-POSS mixtures containing various VBa-POSS contents.
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Figure 9. (a) Storage modulus and (b) tan § of VBa/VBa-POSS
blends containing various VBa-POSS contents, after curing.

Macromol. Chem. Phys. 2010, 211, 2301-2311
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

{ % Macromolecular
>

Macromolecular
Chemistry and Physics

values of E’ of hybrids containing 20 and 30 wt.-% VBa-POSS
were 5970 and 7 640 MPa, respectively, at 50 °C; i.e., these
values increased dramatically upon initially increasing the
POSS content. The presence of the bulky and rigid POSS
nanoparticles tended to stiffen the cross-linked polyben-
zoxazine network, thereby resulting in significant increases
in the value of FE. Nonetheless, the nanocomposite
incorporating a POSS content of 50 wt.-% exhibited a
storage modulus less than that of the sample incorporating
30 wt.-% POSS, presumably because of two opposing effects
of the POSS cages on the matrices. On one hand, the
nanoreinforcement effect of POSS and the suppression of
the molecular mobility on the polybenzoxazine matrix by
bulky silsesquioxane groups will tend to increase the
modulus of the material; on the other, the inclusion of POSS
in the system will decrease the density of the nanocompo-
site. The increases in free volume of the nanocomposites are
evidenced by the dispersion in their values of T,. In these
organic/inorganic hybrid materials, the cubic silsesquiox-
ane core is rigid; its eight curable VBa groups are appended
to the silsesquioxane core via Si—O linkages. In a network
structure, the value of T, relates directly to the cross-linking
density.”% The loss tan § peak temperature in the DMA plot
represents the glass transition temperature of the material.
Figure 9b reveals a value of T, for P(VBa) of 327 °C; those for
hybrids containing 20, 30, and 50 wt.-% VBa-POSS are 326,
329, and 330°C, respectively. Thus, the glass transition
temperature did not change appreciably upon increasing
the VBa-POSS content, due to the cross-link density of the
system with varying POSS content hardly changed, similar
to those affecting the storage moduli of these VBa-
polybenzoxazine/POSS nanocomposites. In general, the
value of Tg of a cross-linked network related its cross-linking
density. As a result, the glass transition temperatures of
these P(VBa)/POSS nanocomposites remained approxi-
mately constant. In previous studies reported by the Lee
et al.,, for multifunctional benzoxazine (MBZ)-POSS contents
of up to 10 wt.-% in Pa- or Ba-type hybrids, the aggregated
MBZ-POSS units underwent macrophase separation, which
reduced its overall effectiveness in hindering polymer
movement. Thus, MBZ-POSS, which features an inorganic
silsesquioxane core, appears to undergo serious aggrega-
tion during the polymerization process. In contrast, in this
present study we could incorporate large amounts VBa-
POSS — even 50 wt.-% — into VBa polybenzoxazine and still
obtain transparent thin films. We used FTIR spectroscopy to
confirm the presence of hydrogen bonding interactions in
our polybenzoxazine/POSS nanocomposites containing
various VBa-POSS contents as shown in Figure 10. The
signals for the allyl groups (at 3080 and 991cm %)
disappeared after thermal polymerization, indicating that
similar polymerization reactions occurred as those
observed to have occurred in Figure 5. Figure 10 displays
expanded FTIR spectra (2 800—3 800 cm ™) for various VBa/
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B Figure 10. Curve fitting of FTIR spectroscopic data of VBa/VBa-POSS blends containing various VBa-POSS contents, after curing.

VBa-POSS copolymers after thermal polymerization at
180°C for 4h. Here, we assign four different kinds of
environment for the OH groups: O™ - -H"N intramolecular
hydrogenbondingatca.2 750 cm™*, OH- - -Nintramolecular
hydrogen bonding at ca. 3200cm %, OH:--O(ether) or
OH.--OSi intermolecular hydrogen bonding at ca
3420cm ™ ?, and free OH groups. For better curve fitting,
in this analysis we combine the effects of intermolecular
the OH- - -O(ether) or OH- - -OSi hydrogen bonding interac-
tions, which appear at similar wavenumber. Figure 10
presents the corresponding curve fitting data for the
various VBa/VBa-POSS copolymers; Table 1 summarizes

the results. Upon increasing the VBa-POSS content, the
degree of OH--:N intramolecular hydrogen bonding
decreased, increased into OH---O(ether) or OH--.-OSi
hydrogen bonds; thus, increasing the VBa-POSS content
decreased the probability of intramolecular hydrogen
bonding and enhanced the degree of intermolecular
hydrogen bonding of the OH groups with the siloxane
groups.

Figure 11 reveals the thermal stabilities of the poly-
benzoxazine/POSS nanocomposites under N,; Table 2
summarizes the thermal properties. To compare the
thermal stabilities, here we use the 20% weight loss

[ T7able 1. Curvefitting data for the signals of the OH groups in the FTIR spectra of the polybenzoxazine/POSS nanocomposites.

Sample O ---H'N OH.- N OH. -0 or Free
OH-0-Si
v Ab v Ab v Ab v Ab
cm ! % cm ! % cm ! % cm? %
poly(VBa) 2750 40.8 3201 39.9 3403 13.6 3558 5.7
20 wt.-% VBa-POSS 2749 33.8 3204 429 3405 18.5 3559 4.8
30 wt.-% VBa-POSS 2750 27.5 3196 447 3398 20.6 3559 7.2
50 wt.-% VBa-POSS 2749 24.4 3199 46.6 3405 21.9 3562 6.1
Macromolecular

Macromol. Chem. Phys. 2010, 211, 2301-2311
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI: 10.1002/macp.201000362



High-Performance Polybenzoxazine Nanocomposites Containing...

100
80
T 0/100
g 60 -]
: e 50/50
z ...l UITOTIT
N 76730
Z a0 Vpavbarossblend] N w
VBa/VBa-POSS blend
J|—100/0
S---80/20 1000
20|...... 70/30
_____ 50/50
—emen0 /100
0 T " ) ' I '
200 400 600 800

Temperature ("C)

Figure 11. TGA analyses of VBa/VBa-POSS blends containing var-
ious VBa-POSS contents, after curing.

temperature as a standard. We observed a gradual increase
in the decomposition temperature (T4) of the polybenzox-
azine/POSS nanocomposites upon increasing the VBa-POSS
content, presumably because the effect of creating the
nanocomposite. In a nanocomposite material, tethering of
the components results in restricted thermal motion,
thereby reducing the organic decomposition pathways
accessible to the tether. The inorganic component (in this
case, POSS) provides additional heat capacity, thereby
stabilizing the materials against thermal decomposition.
The char yield, another indicator of thermal stability, also
increased upon the increasing the POSS content of these
hybrid materials in the VBa monomers. Our results indicate
that the thermal stability of polybenzoxazines is improved
through the formation of network structures and because of
the presence of the inorganic silsesquioxane. In these
polymer/POSS nanocomposites, the POSS units might form
a ceramic superficial layer during the early stages of

Macromolecular
Chemistry and Physics

combustion because of the low surface energy of the
siloxane structure of POSS;[SS] this ceramic layer would
protect the underlying material by limiting heat transfer
and hampering the diffusion of oxygen and the evacuation
of combustible products — analogous to the behavior of
layered silicates.

We used scanning and transmission electron microscopy
(SEM and TEM, respectively) to examine the homogeneity of
the POSS nanoparticle dispersion. The polybenzoxazine/
POSS nanocomposite having a POSS content of 30 wt.-%
exhibits (Figure 12a,d) a featureless morphology, with no
discernible phase separation, suggesting that POSS nano-
particles were dispersed homogeneously throughout
the matrix. Energy-dispersive X-ray (EDX) Si-mapping of
all of the composites revealed that the particles were
dispersed uniformly in the cross-sectional surfaces
observed (Figure 12b,c); the gray points in the image
denote POSS-enriched regions. When the concentration of
POSS was 30 wt.-%, the Si-mapping micrograph revealed no
aggregation; instead, it features many uniformly dispersed
spherical particles.

Conclusion

We have synthesized a novel octafunctionalized VBa-POSS
from octa-phenol POSS, formaldehyde, and allyl amine.
VBa-POSS possesses cross-linking units that undergo
polymerization with other VBa benzoxazine monomers,
thereby allowing us to prepare new types of polybenzox-
azine/POSS composites containing various POSS contents.
TGA and DMA analyses revealed that the storage moduli
and decomposition temperatures of these nanocomposites
improved upon increasing the VBa-POSS content, due to
hydrogen bonding interactions between siloxane groups of
POSS and the OH groups of polybenzoxazine, as character-
ized through FTIR spectroscopic analysis.

[ Table 2. Thermal properties of poly(VB-a) and the poly(VB-a)/POSS nanocomposites.

Sample DMA TGA
G’ G’ tan § Tyo Char yield

MPa? °C °C °C %"
poly(VBa) 3304 311 327 390 24.7
20 wt.-% VBa-POSS 5973 307 326 400 41.6
30 wt.-% VBa-POSS 7 642 306 329 425 47.6
50 wt.-% VBa-POSS 6096 308 330 439 49.4
pure VBa-POSS ND¢ ND ND 504 63.8

aMeasured at 50 °C; Y)Measured at 800 °C; Pure VBa-POSS is not able to make a film.
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B Figure 12. VBa/VBa-POSS =70/30 after curing of (a) SEM image, (b) Si-mapping image, (c) EDX analysis, and (d) TEM image.
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