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ABSTRACT: We synthesized double-decker silsesquioxane (DDSQ)-functionalized benzoxazine (BZ) monomers from a
DDSQ prepared with nadic anhydride (ND) through hydrosilylation (to form DDSQ-ND) and then its reactions with p-
aminophenol and o-aminophenol to form DDSQ-ND-p-OH and DDSQ-ND-o-OH, respectively. Four different DDSQ-
functionalized BZ monomers were prepared through reacting DDSQ-ND-p-OH and DDSQ-ND-o-OH with CH2O and either
aniline or allylamine: pBDDSQ-AN, pBDDSQ-AL, oBDDSQ-AN, and oBDDSQ-AL. All of these polybenzoxazine (PBZ)/
DDSQ hybrids exhibited high thermal stability and high char yields after thermal curing, based on thermogravimetric analysis
(TGA), because the DDSQ inorganic nanoparticles were dispersed homogeneously in the PBZ matrices, as evidenced using
electron microscopy. For example, the thermal decomposition temperature (Td) and char yield of pBDDSQ-AN after thermal
curing at 270 °C were 521 °C and 75 wt %, respectively. More interestingly, the char yield of the ortho-substituted oBDDSQ-
AN increased from 72.7 wt % prior to thermal treatment to 76.0 wt % after thermal treatment at 450 °C, indicating that the
polybenzoxazole may have formed after such thermal treatment to increase the char yield, which was higher than that of the
para-substituted pBDDSQ-AN.

■ INTRODUCTION

Benzoxazine (BZ) chemistry has received much attention
during recent years because of the flexible molecular design,
high dimensional stability, stable dielectric constants, good
flame retardancy, and low surface free energy after thermal
curingproperties that are not observed in traditional epoxy
or phenolic resins.1−11 BZ derivatives are six-membered
heterocyclic monomers featuring nitrogen and oxygen atoms
in the oxazine ring; they are synthesized through facile
Mannich condensations from phenolic derivatives, primary
aromatic or aliphatic amines, and CH2O, in various solvents. A
BZ monomer can undergo self-cross-linking through thermal
ring-opening polymerization to form a polybenzoxazine (PBZ)
having a three-dimensional (3D) cross-linked structure,
without releasing any byproducts.12−17

Unfortunately, PBZs have limited applications at relatively
high temperatures because their C−N−C bonds readily break
at temperatures higher than 260 °C.18 Several strategies have

been tested to enhance the thermal stability of PBZs. For
example, introducing allyl or alkynyl units into the BZ
monomers can enhance the cross-linking density of the 3D
network structure;19−25 with this approach, the resulting PBZs
can exhibit higher glass transition temperatures, superior
mechanical properties, and greater solvent resistance. Alter-
natively, blending with other polymers can form miscible blend
systems,26−28 or blending with inorganic nanomaterials can
vary the thermal properties through decreasing chain mobility.
The most widely reported inorganic nanomaterials used to
form PBZ hybrids have been carbon-based (e.g., carbon
black,29 carbon nanotubes,30−35 and graphene36−38) and
silicon-based (e.g., polydimethylsiloxane (PDMS),39,40 nano-
clay silicates,41−43 and polyhedral oligomeric silsesquioxane
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(POSS)43−57) materials. POSS derivatives are precisely
structured inorganic building blocks of nanometer dimensions;
they have been introduced into many different polymer
matrices to form organic/inorganic nanocomposites. For
PBZ/POSS hybrids, most previous examinations have used
mono- and octafunctionalized POSS BZ monomers to form
the organic/inorganic nanocomposites.43−54 For example, we
prepared mono- and octafunctionalized POSS macromers with
BZ units and then blended them with mono- or difunction-
alized BZ monomers to form organic/inorganic nano-
composites.43−50 In those studies, all of the POSS macromers
were derivatized with mono- or multifunctionalized BZ
monomers and formed only low-molecular-weight PBZ/
POSS hybrids. Several approaches have been tested to result
in difunctionalized POSS macromers forming high-molecular-
weight main-chain-type PBZs.55−57 For example, Zheng et al.
used a dianilino double-decker silsesquioxane (DDSQ) with
bisphenol A and CH2O to form a main chain type of PBZ with
DDSQ.56 We have also prepared a transparent and flexible
DDSQ-BZ-PDMS copolymer through Mannich condensation
of allyl amide, CH2O, and a bifunctionalized phenolic DDSQ
compound (DDSQ-BP) to obtain a bis-allyl BZ DDSQ
(DDSQ-BZ) that we then reacted with PDMS through
hydrosilylation.55

Recently, Ishida et al. proposed another way to obtain highly
thermally and mechanically stable PBZs: through thermal
conversion from ortho-functionalized BZs, leading to highly

thermal stable polybenzoxazoles (PBOs).58−62 These PBOs
could have formed from ortho-imide-, ortho-amide-, and ortho-
amide/imide-functionalized BZs through thermal conversions
at relatively high temperatures (>400 °C).58−62 In general, the
thermal stability of ortho-functionalized PBZs is better than
that of PBZs formed from para-functionalized BZ monomers.
The introduction of allyl units or the use of ortho-function-
alized BZs can improve the thermal stability, as mentioned
earlier; although these individual approaches have been
investigated widely,19−23,58−62 the effects of incorporating
inorganic DDSQ nanoparticles into allyl- and ortho-function-
alized BZ monomers, together, remain poorly understood.
In this study, we synthesized four different DDSQ-

functionalized BZ monomers as displayed in Scheme 1. First
we synthesized two different bifunctionalized phenolic units,
with para- and ortho-stereochemistry, based on DDSQ from
phenyltrimethoxylsilane and DD-Na (Scheme 1b), with
subsequent hydrosilylation with nadic anhydride (ND) giving
DDSQ-ND (Scheme 1d). DDSQ-ND-p-OH (Scheme 1e) and
DDSQ-ND-o-OH (Scheme 1f) were obtained after reacting p-
aminophenol and o-aminophenol with DDSQ-ND, respec-
tively. We then prepared four different DDSQ-functionalized
BZ monomers from DDSQ-ND-p-OH and DDSQ-ND-o-OH
reacting with CH2O and aniline or allylamine, as displayed in
Schemes 1g and 1h. Thereafter, we investigated the influences
of the allyl units, the ortho-imide functionality, and the DDSQ

Scheme 1. Synthesis of (g, h) DDSQ-Functionalized DDSQ BZ Monomers from (a) Phenyltrimethoxylsilane, (b) DD-Na, (c)
DDSQ, (d) DDSQ-ND, (e) DDSQ-ND-p-OH, and (f) DDSQ-ND-o-OH
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inorganic nanoparticles on the thermal stability and curing
behavior of these four BZ monomers.

■ EXPERIMENTAL SECTION
Materials. Methyldichlorosilane, phenyltrimethoxylsilane, sodium

hydroxide (NaOH), platinum divinyltetramethyldisiloxane complex
[Pt(dvs)], tetrahydrofuran (THF), magnesium sulfate (MgSO4), 2-
propanol, and charcoal were purchased from Alfa-Aesar. ND,
methanol (MeOH), ethanol (EtOH), sodium bicarbonate
(NaHCO3), n-hexane, 1,4-dioxane, ethyl acetate, p-aminophenol, o-
aminophenol, aniline, allylamine, and paraformaldehyde were
purchased from Sigma-Aldrich.
Double-Decker Silsesquioxane-Na (DD-Na).55 A mixture of

phenyltrimethoxylsilane (210 g, Scheme 1a), NaOH (28 g), deionized
H2O (20 mL), and 2-propanol (600 mL) was heated for 24 h under
reflux in a flask equipped with a reflux condenser. The mixture was
stirred for further 8 h at room temperature until the reaction was
complete. The solvent was evaporated through vacuum distillation,
and the residue was dried in a vacuum oven to give a white powder
(138 g, 90%, Scheme 1b).
Double-Decker Silsesquioxane.55 A mixture of DD-Na (5.80 g,

5.00 mmol), triethylamine (2.00 g, 20.0 mmol), and THF (100 mL)
was stirred thoroughly in an ice bath, and then methyldichlorosilane
(2.25 g, 20.0 mmol) was added as an end-capping agent. The mixture
was stirred at room temperature for 6 h, the filtrate and an equal
volume of a saturated aqueous solution of NaHCO3 were poured into
a separating funnel, and the organic phase was separated (the upper
layer). After magnesium sulfate (MgSO4) was added in organic phase
and stirred for 30 min, the mixture was filtered to give a clear filtrate,
which was concentrated under reduced pressure to remove solvent
and placed in a vacuum oven at 40 °C. After drying, a white solid was
obtained (2.2 g, 38%, Scheme 1c).
Bis-(Nadic Anhydride) Double-Decker Silsesquioxane

(DDSQ-ND). DDSQ (5.00 g, 4.34 mmol), ND (1.57 g, 9.55
mmol), and toluene (200 mL) were placed in a flask equipped with
a reflux condenser. Pt(dvs) (5 drops) was added, and then the
mixture was heated at 75 °C for 48 h under a N2 atmosphere. The
resulting mixture was filtered through charcoal, and the filtrate was
concentrated through vacuum distillation. The residue was washed
three times with EtOH and then dried in a vacuum oven at 105 °C to
give a white solid (6.4 g, 92%, Scheme 1d).
Bis-Phenolic Double-Decker Silsesquioxanes (DDSQ-ND-

OH). A solution of p-aminophenol (2.80 g, 27.2 mmol) in DMF
(20 mL) was added gradually to a solution of DDSQ-ND (6.00 g,
13.0 mmol) in DMF (60 mL). The mixture was stirred in an ice bath
for 8 h, and then a Dean−Stark apparatus was used to perform the
imidization reaction. A solid powder was obtained after vacuum
distillation; it was recrystallized from isopropanol. DDSQ-ND-p-OH
was formed as a dark brown powder (6.06 g, 90%, Scheme 1e);
DDSQ-ND-o-OH was formed as a red powder in the corresponding
reaction with o-aminophenol (5.79 g, 86%, Scheme 1f).
Bis-Aniline BZ Double-Decker Silsesquioxane (BDDSQ-AN).

DDSQ-ND-OH (2.39 g, 1.44 mmol), CH2O (0.174 g, 5.75 mmol),
and 1,4-dioxane (50 mL) were placed in a flask equipped with a reflux
condenser. After three cycles of purging with N2 gas, the aniline
derivative (0.267 g, 2.88 mmol) was added. The mixture was heated
at 115 °C for 48 h. After cooling, the mixtures were subjected to
gravity filtration. The solvent was evaporated using a rotary
evaporator, and then the residue was dried in a vacuum oven to
give a powder. pBDDSQ-AN was obtained as a brown powder when
using DDSQ-ND-p-OH (1.91 g, 70%, Scheme 1g-R1); oBDDSQ-ND-
AN was obtained as an orange powder when using DDSQ-ND-o-OH
(1.75 g, 64%, Scheme 1h-R1).
Bis-Allyl BZ Double-Decker Silsesquioxane (BDDSQ-AL).

DDSQ-ND-OH (2.39 g, 1.44 mmol), CH2O (0.348 g, 11.5 mmol),
and p-xylene (50 mL) were placed in a flask equipped with a reflux
condenser. After three cycles of purging with N2, allylamine (0.328 g,
5.74 mmol) was added. The mixture was heated at 90 °C for 48 h.
After cooling, the mixture was subjected to gravity filtration. The

solvent was evaporated using a rotary evaporator, and the residue was
dried in a vacuum oven to give a powder. The reaction of DDSQ-ND-
p-OH provided pBDDSQ-AL as a yellow powder (1.97 g, 75%,
Scheme 1g-R2); the reaction of DDSQ-ND-o-OH provided oBDDSQ-
AL as an orange powder (1.86 g, 71%, Scheme 1h-R2).

Thermal Curing of BDDSQ-AN and BDDSQ-AL Monomers.
Desired amounts of the various BZ monomers were placed in an
aluminum dish and heated in steps at 150, 180, 210, 240, and 270 °C,
each for 2 h, in a vacuum oven. Each cured sample had a red color
that became darker as the thermal curing temperature increased.

Characterization. NMR spectra were recorded by using an
INOVA 500 instrument, with DMSO-d6 and CDCl3 as solvents.
Fourier transform infrared (FTIR) spectra of the DDSQ derivatives
were recorded using a Bruker Tensor 27 FTIR spectrophotometer.
The conventional KBr disk method was used, with 32 scans collected
at a spectral resolution of 4 cm−1. The prepared samples were
sufficiently thin to obey the Beer−Lambert law. The molecular
weights of the DDSQ derivatives were determined using a Bruker
Daltonics Autoflex MALDI-TOF mass spectrometer. The dynamic
curing behavior of the DDSQ-functionalized BZ monomers under N2
was recorded using a TA Q-20 DSC instrument; the dynamic curing
thermograms were measured from 20 to 360 °C at a heating rate of 20
°C/min. The thermal stabilitiescharacterized by thermal decom-
position temperatures (10 wt % loss) and char yieldsof the DDSQ-
functionalized BZ monomers were recorded under N2 using a TA Q-
50 TGA apparatus; those samples were examined from 50 to 800 °C
at a heating rate of 20 °C/min. To investigate the phase behavior of
the PBZ/DDSQ hybrids, each sample surface was coated with a thin
layer of Au (ca. 100 Å). The thermally cured samples were
investigated using an FEI Quanta 200 environmental scanning
electron microscope (SEM) operated at 5 kV. Transmission electron
microscopy (TEM) was performed using a JEOL-2100 electron
microscope operated at 200 kV. Ultrathin sections (thickness: 700 Å)
of the PBZ/DDSQ hybrids were prepared at room temperature using
a Leica Ultracut S microtome equipped with a diamond knife. The
ultrathin samples were placed onto a Cu grid, which was coated with a
carbon supporting film, without further staining.

■ RESULTS AND DISCUSSION

Synthesis of DDSQ-Functionalized BZ Monomers.
Scheme 1 displays the synthesis of the DDSQ-functionalized
BZ monomers. The chemical structure at each step was
identified using 1H NMR and FTIR spectroscopy and MALDI-
TOF mass spectrometry. For example, Figure 1 displays the
FTIR spectrum of each compound during the synthesis of
pBDDSQ-AN and pBDDSQ-AL, with para-imide BZ mono-
mers. A strong absorption at 1097 cm−1 (corresponding to Si−
O−Si units) and an absorption at 1261 cm−1 (corresponding
to Si−CH3 units) were general features in the spectrum of each
DDSQ derivative.55 In addition, a Si−H stretching signal
appeared at 2172 cm−1 in the spectrum of pure DDSQ, as
displayed in Figure 1a; this signal disappeared after hydro-
silylation with ND, but signals for two new anhydride CO
units appeared at 1860 and 1782 cm−1 for DDSQ-ND, as
displayed in Figure 1b, confirming the success of this
transformation. The spectrum of DDSQ-ND-p-OH (Figure
1c) exhibits a broad absorption at 3395 cm−1 for OH
stretching, two sharp absorptions at 1700 and 1771 cm−1 for
imide CO stretching, and an absorption at 1390 cm−1 for
C−N stretching, and lower-wavenumber shifts of the signals
for CO stretching and OH stretching, consistent with the
formation of DDSQ-ND-p-OH. The spectra of the BZ
monomers pBDDSQ-AN (Figure 1d) and pBDDSQ-AL
(Figure 1e) both feature signals for imide CO stretch-
ingboth red-shifted to 1709 and 1772 cm−1and signals for
the BZ ring structures at 1499, 1235, and 939 cm−1 for
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pBDDSQ-AN and 1500, 1232, and 923 cm−1 for pBDDSQ-
AL; an additional signal for CC stretching appeared at 1644
cm−1 in the spectrum of pBDDSQ-AL. The FTIR spectra of
oBDDSQ-AN and oBDDSQ-AL, with ortho-imide BZ mono-
mers, had similar features (Figure S1).
Figure 2 displays the corresponding 1H NMR spectra of

pBDDSQ-AN and pBDDSQ-AL, with para-imide BZ mono-

mers. The signals for the Si−H and SiCH3 units were located
at 4.98 ppm (peak a) and 0.36 ppm, respectively, while the
signals for the aromatic protons appeared between 7.14 and
7.50 ppm (Figure 2a). The Si−H signal disappeared after
hydrosilylation with ND to provide DDSQ-ND (Figure 2b).
Signals for two isomers were observed after hydrosilylation of
the vinyl units of ND, representing α- and β-configurations.
Various signals for the aliphatic protons appeared between 0.83
and 3.25 ppm: for example, at 3.25−3.20 (i), 2.89 (j), 1.80−
1.57 (f−h,), 1.28 (e), and 0.83 (d) ppm; we did not observe

any signals for any residual vinyl units in DDSQ-ND.63,64 The
spectrum of DDSQ-ND-p-OH (Figure 2c) exhibits a broad
signal at 5.33 ppm for the OH groups and signals for the
aromatic protons of p-aminophenol at 6.80 (k) and 6.24 (l)
ppm, consistent with the formation of DDSQ-ND-p-OH. The
signal for the phenolic OH groups disappeared, and signals for
the BZ ring (methylene bridge protons) appeared at 4.65 ppm
(o, ArCH2N) and 5.30 ppm (n, OCH2N), as displayed in
Figure 2d, for pBDDSQ-AN; in contrast, these two signals
were observed at 3.98 ppm (o) and 4.86 ppm (n) for
pBDDSQ-AL (Figure 2e). The different chemical shifts of the
signals in these BZ rings resulted from the different functional
groups when reacting aniline and allylamine as the primary
amines. In addition, in the spectrum of pBDDSQ-AL we
observed signals for the vinyl unit at 5.16 and 5.87 ppm, in a
2:1 ratio, and for the proton between the nitrogen atom and
the vinyl unit appeared at 3.30 ppm (s). The 1H NMR spectra
of oBDDSQ-AN and oBDDSQ-AL, with ortho-imide BZ
monomers, displayed similar features (Figure S2). Notably,
however, the spectrum of DDSQ-ND-o-OH (Figure S2c)
exhibits a broad signal at 4.90 ppm for the OH unit, with the
signals for the aromatic protons of the 2-aminophenol unit
appearing at 6.72 (k) and 6.26 (l) ppm. The different chemical
shifts of the signals for the phenolic OH units of DDSQ-ND-o-
OH with DDSQ-ND-p-OH arose because of intramolecular
hydrogen bonding of the phenolic OH unit with the imide
CO unit.58−62 In addition, the signals of the BZ ring
(methylene bridge protons) appeared at 4.63 ppm (o,
ArCH2N) and 5.33 ppm (n, OCH2N) for oBDDSQ-AN
(Figure S2d), whereas the two signals appeared at 3.99 (o) and
4.88 (n) ppm for oBDDSQ-AL (Figure S2e). For oBDDSQ-
AL, the signals for the vinyl protons were observed at 5.19 and
5.84 ppm, in a 2:1 ratio, and the signal for the protons between
the nitrogen atom and the vinyl unit appeared at 3.37 ppm (s).
Scheme S1 displays all of the other peaks assignment for the
four DDSQ-functionalized BZ monomers.
Figure 3 presents the MALDI-TOF mass spectra of the

corresponding DDSQ compounds: the signal for [DDSQ +
Na]+ appeared as a monodisperse mass distribution at 1176 g/
mol, while those for [DDSQ-ND + Na]+ and [DDSQ-ND-p-
OH + Na]+ were located at 1504 and 1685 g/mol, respectively.
We also observed signals at 1921 g/mol for [pDDSQ-AN +

Figure 1. FTIR spectra of (a) DDSQ, (b) DDSQ-ND, (c) DDSQ-
ND-p-OH, (d) pBDDSQ-AN, and (e) pBDDSQ-AL.

Figure 2. 1H NMR spectra of (a) DDSQ, (b) DDSQ-ND, (c)
DDSQ-ND-p-OH, (d) pBDDSQ-AN, and (e) pBDDSQ-AL.

Figure 3. MALDI-TOF mass spectra of (a) DDSQ, (b) DDSQ-ND,
and (c) DDSQ-ND-p-OH.
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Na]+ and 1848 g/mol for [pDDSQ-AL + Na]+ (Figure S3).
Several peaks appeared below these signal for the molecular
ions, presumably because of decomposition of the BZ
monomers during the mass spectral analyses.16,65 The
experimental and calculated molecular weights were in good
agreement, consistent with the well-defined structures of these
DDSQ derivatives. Considering all of the FTIR, NMR, and
mass spectral data, we had successfully synthesized these four
DDSQ-functionalized BZ monomers.
Thermal Curing Behavior of DDSQ-Functionalized BZ

Monomers. We use DSC to investigate the thermal curing

behavior of the DDSQ-functionalized BZ monomers. Figure
4A displays the DSC thermograms of the pBDDSQ-AL BZ
monomer after each thermal curing process; a thermal curing
exothermic peak appeared at 233 °C, with a reaction heat of
34.8 J/g for the uncured pBDDSQ-AL monomer (Figure 4A-
a). The reaction heat of pBDDSQ-AL decreased upon
increasing the curing temperature. In addition, the exothermic
peak disappeared completely when the curing temperature was
>240 °C (Figure 4A-e), implying that the thermal curing
temperature of pBDDSQ-AL was >240 °C. This phenomenon
of thermal curing of pBDDSQ-AL was confirmed through

Figure 4. (A) DSC traces and (B) FTIR spectra of uncured pBDDSQ-AL, recorded after each curing stage: (a) uncured, (b) 150 °C, (c) 180 °C,
(d) 210 °C, (e) 240 °C, and (f) 270 °C.

Scheme 2. (a−d) Thermal Ring-Opening Polymerization of (b) from (a) pBDDSQ-R and (d) from (c) oBDDSQ-R; (e)
Intramolecular Hydrogen Bonding of Phenolic OH and Imide CO Groups; (f) Thermal Conversion Behavior of the
oBDDSQ-R Monomer
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FTIR spectroscopic analysis (Figure 4B); the major absorption
peaks of the uncured pBDDSQ-AL were located at 923 cm−1

(oxazine ring), 1232 cm−1 (C−O−C), and 1644 cm−1 (CC
stretching). The intensities of these characteristic absorption
peaks gradually decreased upon increasing the thermal curing
temperature and disappeared completely when the thermal
curing temperature was 240 °C (Figure 4B-e). We observed
similar results for the thermal curing of the oBDDSQ-AL

monomer (Figure S4). A thermal curing exothermic peak
appeared at 222 °C, with a reaction heat of 24.8 J/g, for the
uncured oBDDSQ-AL monomer (Figure S4A-a); the intensity
of the peak for the reaction heat of oBDDSQ-AL also
decreased upon increasing the thermal curing temperature and
disappeared completely when the curing temperature was >240
°C (Figure S4A-e). The lower curing temperature of the
oBDDSQ-AL monomer (222 °C), compared with that of the

Figure 5. TGA traces of four DDSQ-functionalized BZ monomers, recorded after each curing stage: (A) pBDDSQ-AN, (B) pBDDSQ-AL, (C)
oBDDSQ-AN, and (D) oBDDSQ-AL.

Figure 6. (A) Thermal decomposition temperatures and (B) char yields of the four DDSQ-functionalized BZ monomers, recorded after each
curing stage.
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pBDDSQ-AL monomer (233 °C), indicated that the ortho
substitution of aminophenol, featuring intramolecular hydro-
gen bonding of the phenolic OH and imide CO groups,
after thermal curing, could improve the ring-opening polymer-
ization of the BZ monomer. The intensity of the main
absorption peak of the uncured oBDDSQ-AL, located at 916
cm−1 (oxazine ring), also decreased gradually upon increasing
the thermal curing temperature and disappeared completely
when the thermal curing temperature was 240 °C (Figure S4B-
e). The FTIR spectra of the pBDDSQ-AL and oBDDSQ-AL
BZ monomers both featured a broad peak between 1650 and
1800 cm−1, as displayed in Figure 4B-f and Figure S4B-f,
respectively, due to intermolecular hydrogen bonding of the
phenolic OH and CO groups after thermal curing (Scheme
2e). Therefore, the FTIR spectra and the DSC thermal
analyses were consistent in implying that the BZ rings would
be opened thermally to form highly cross-linked PBZ/DDSQ
hybrids without the need for a catalyst.
Thermal Properties of DDSQ-Functionalized BZ

Monomers. We used TGA to study the thermal stabilities
of these DDSQ-functionalized BZ monomers (Figure 5). The
TGA thermograms were recorded at temperature ranging from
50 to 800 °C, at a heating rate of 20 °C/min, under a N2
atmosphere. We used the 10% weight loss temperature (Td10)
as the standard; this value and the corresponding char yield
(summarized in Figure 6) both increased upon increasing the
thermal curing temperature for our four different DDSQ-
functionalized BZ monomers. The uncured pBDDSQ-AN
monomer provided a value of Td10 of 263 °C and a char yield
of 53% (Scheme 2a); after thermal curing, these values were
521 °C and 75%, respectively (Scheme 2b). For the pBDDSQ-
AL monomer, the value of Td10 was 348 °C and the char yield
was 60.9%; they reached 521 °C and 75%, respectively, after
thermal curing. These two PBZs, based on pBDDSQ-AN and
pBDDSQ-AL, both exhibited thermal stability (Td10 = 521 °C)
higher than those of any other reported PBZs, presumably
because the DDSQ cage structures enhanced the thermal
resistance after thermal curing. More interestingly, these two
values were very similar for the pBDDSQ-AN and pBDDSQ-
AL monomers, indicating that the presence of the aniline or
allylamine functionality did not affect the thermal stability after
thermal curing. Nevertheless, these two values were different at
the different curing temperature stages, with the values of Td10
for pBDDSQ-AL being higher than those for pBDDSQ-AN,
probably because of the extra cross-linking density arising from
the allyl units of pBDDSQ-AL after thermal curing. In contrast,
the char yields of pBDDSQ-AN were higher than those of
pBDDSQ-AL at the different curing temperature stages,
implying that the aliphatic methylene (CH2) unit in allyl
group was relatively easy to break during thermal heating at
relatively lower temperatures.19 This result is similar to that of
oBDDSQ-AN providing a higher char yield than oBDDSQ-AL.
A lower char yield from the allylamine-based BZ monomer was
also apparent when we compared the model compounds
prepared from bisphenol A with aniline (to form BA-AN BZ)
and allylamine (to from BA-AL), as displayed in Figures 7A
and 7B, respectively. The char yield for BA-AN BZ was 35.8%,
but it was 24.7% for BA-AL BZ. Furthermore, upon
comparison of pBDDSQ-AN and oBDDSQ-AN, the value of
Td10 and the char yield of pBDDSQ-AN were both higher than
those of oBDDSQ-AN; we also observed this behavior when
comparing pBDDSQ-AL and oBDDSQ-AL. As a result, the
para-substitution of the aminophenol units in pBDDSQ-AN

and pBDDSQ-AL enhanced the thermal stability relative to
that of the ortho-substitution of the aminophenol units in the
oBDDSQ-AN and oBDDSQ-AL BZ monomers after thermal
curing (Scheme 2d). After thermal curing at 270 °C, the
thermal stability and char yield followed the order pBDDSQ-
AN = pBDDSQ-AL (Td, 521 °C; char yield, 75 wt %) >
oBDDSQ-AN (Td, 494 °C; char yield, 72.7 wt %) > oBDDSQ-
AL (Td, 471 °C; char yield, 67.2 wt %). Nevertheless, although
oBDDSQ-AL provided the lowest value of Td10 (471 °C) and
the lowest char yield (67.2%) among these four DDSQ-
functionalized BZs after thermal curing, it exhibited signifi-
cantly greater thermal stability than its model compound, the
BA-AL BZ monomer, which had a value of Td10 of 360 °C and
a char yield of 24.7%, as displayed in Figure 7B. Therefore, the
incorporation of the DDSQ inorganic nanoparticles into these
typical BZ monomers did indeed enhance the thermal stability
significantly. These high char yield of PBZ/DDSQ hybrids
could have potential applications in flame retardancy, coating,
and advanced composites.1 We also used SEM and TEM
imaging to investigate the homogeneity of the dispersions of
the DDSQ nanoparticles in these four DDSQ-functionalized
PBZs after thermal curing. We observed a featureless
morphology with no discernible phase separation for
pBDDSQ-AN after thermal curing (Figure 8a,b), indicating
that the DDSQ nanoparticles were dispersed well in the PBZ
matrix. EDX spectroscopic Si-, N-, and O-mapping of
pBDDSQ-AN after thermal curing also indicated that the
DDSQ nanoparticles were dispersed homogeneously on the
surface (Figure 8c−f). The green points in Figure 8c represent
the DDSQ-enriched regionssuggesting no aggregation and
many uniform spherical nanoparticles. The SEM, TEM, and
EDX spectroscopic images of the other three DDSQ-
functionalized PBZs are provided in Figures S5 and S7; all
of these data are consistent with the DDSQ nanoparticles
being dispersed well also within these three PBZ matrices.
Next, we compared the thermal stabilities of our composites

with those of octa-BZ-functionalized POSS compounds based
on aniline (OPOSS-AN)47 and allylamine (OPOSS-AL)48

(Figure 7). The values of Td10 and the char yields were 366 °C
and 35.8%, respectively, for BA-AN, 385 °C and 55.8%,
respectively, for OPOSS-AN, and 521 °C and 75%,
respectively, for pBDDSQ-AN (Figure 7A); they were 364
°C and 24.7%, respectively, for BA-AL, 455 °C and 63.8%,

Figure 7. TGA traces of (A) BA-AN, OPOSS-AN, and pBDDSQ-AN
and (B) BA-AL, OPOSS-AL, and pBDDSQ-AL.
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respectively, for OPOSS-AL, and 521 °C and 75%,
respectively, for pBDDSQ-AL (Figure 7B). The incorporation
of POSS nanoparticles (di- or octafunctional) into the BZ
monomers could indeed enhance the thermal stability
significantly, through network formation. In these PBZ/
DDSQ hybrids, the DDSQ derivatives could form a ceramic
superficial layer during the early stage of combustion due to
the relatively lower surface energy of the DDSQ structure, with
this inorganic ceramic structure limiting heat transfer and
protecting the underlying PBZ while also hampering the
diffusion of oxygen. Furthermore, the difunctionalized BZs
based on DDSQ (e.g., pBDDSQ-AN and pBDDSQ-AL)
exhibited thermal stability superior to that of the octafunction-
alized BZs based on Q8M8

H (e.g., OPOSS-AN and OPOSS-
AL). The BDDSQ exhibited excellent thermal properties
because it was synthesized from the highly aromatic DDSQ, in
contrast to the highly methylated Q8M8

H.66 In addition, loose
structures of OPOSS-AN and OPOSS-AL would form after
thermal curing due to the octafunctional topological
structure44,45 derived from Q8M8

H, and thus, their thermal
stabilities were not higher than those of the compounds
derived from the DDSQ structure.
Based on our analyses above, the ortho-substitution of the

aminophenol units in oBDDSQ-AN and oBDDSQ-AL led to
lower thermal stability than did the para-substitution of the
aminophenol units. Based on our TGA analyses of oBDDSQ-
AN and oBDDSQ-AL in Figures 5C and 5D, respectively, the
first decomposition occurred in the range 250−350 °C, caused
by the heat polymerization of the BZ unit from the ortho-imide
PBZ and its partial decomposition prior to transformation into
the PBO.67 The second weight loss in the range 350−450 °C
resulted from the release of CO2 to form the PBO (Scheme
2e). The main degradation was observed in the range 500−650
°C, corresponding to decomposition of the oxazole ring or
other units.58−62 To investigate the thermal stability of the
formation of their PBOs, we performed TGA analyses of these
four DDSQ-functionalized PBZs after thermal annealing at 450
°C for 2 h (Figure 9). The thermal stabilities of all of the
DDSQ-functionalized PBZs were superior after thermal

treatment. For example, the values of Td of pBDDSQ-AN
and pBDDSQ-AN both increased from 521 to 539 °C; for
oBDDSQ-AN it increased from 494 to 528 °C; and for
oBDDSQ-AL it increased from 471 to 500 °C. More
interestingly, the char yields for the para-substituted
pBDDSQ-AN and pBDDSQ-AL remained constant (ca.
75%) after thermal treatment, whereas those of the ortho-
substituted oBDDSQ-AN and oBDDSQ-AL increased from
72.7 to 76.0% and from 67.2 to 69.0%, respectively, indicating
that the PBO may have formed after thermal treatment to
increase the char yield, but the para-substituted imide unit
might not have formed the PBO. As a result, oBDDSQ-AN
displayed a char yield even higher than those of the para-
substituted pBDDSQ-AN and pBDDSQ-AL. To confirm the
formation of PBO after thermal treatment, we used the FTIR
spectra after the thermal curing of oBDDSQ-AN at 270 °C and
thermal treatment at 450 °C as displayed in Figure S8. The
asymmetric and symmetric imide CO stretching were
observed at 1714 and 1636 cm−1 (Figure S8a); however, a

Figure 8. (a) TEM, (b) SEM, (c) Si-mapping, (d) N-mapping, (e) O-mapping, and (f) EDX analyses of the pBDDSQ-AN BZ monomer after
thermal curing.

Figure 9. TGA traces of the four DDSQ-functionalized BZ after
thermal treatment at 450 °C.
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new absorption appeared at 1596 cm−1, corresponding to the
CN stretching of the benzoxazole. Meanwhile, the imide
CO stretching was significantly decreased after thermal
treatment at 450 °C as displayed in Figure S8b, suggesting that
the thermal conversion of oBDDSQ-AN into the PBO after
thermal treatment.68 The allyl group in ortho-imide BZ
monomer may not have been useful because it formed an
asymmetric cross-linking structure through its further thermal
curing; it may also have induced steric hindrance with the
ortho-imide BZ structure to reduce the thermal stability and
char yield.

■ CONCLUSION
We have synthesized four DDSQ-functionalized BZ mono-
mers, whose structures we confirmed through FTIR, NMR,
and MALDI-TOF mass spectral analyses. All of these PBZ/
DDSQ hybrids displayed higher thermal stabilities and higher
char yields after thermal curing compared with those of
traditional typical BZs (e.g., the BA-AN monomer prepared
without DDSQ inorganic nanoparticles). The DDSQ inorganic
nanoparticles were dispersed well within these PBZ matrices,
based on SEM and TEM imaging. More interestingly, the char
yield of the ortho-substituted oBDDSQ-AN increased from
72.7% before thermal treatment to 76.0% after thermal
treatment at 450 °C, indicating that the PBO had formed.
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