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A B S T R A C T

An increasing number of high-performance industries are prioritizing the use of polymeric materials with 
exceptional thermal stability to support long-term advancements toward a more sustainable future. In this study, 
we first synthesized an allyl-functionalized benzoxazine (BZ) with a diacetal structure by reacting 4,4′-(2,4,8,10- 
tetraoxaspiro[5.5]undecane-3,9-diyl)diphenol (ACE) with allylamine in the presence of paraformaldehyde to 
obtain ACE-BZ monomer. Highly thermally stable organic-inorganic benzoxazines were subsequently prepared 
through a hydrosilylation reaction of ACE-BZ with double-decker silsesquioxane (DDSQ) and octakis(dime
thylsilyloxy)octasilsesquioxane (ODMS-POSS), yielding DDSQ-ACE-BZ and POSS-ACE-BZ polymer networks, 
respectively. The chemical structures of ACE-BZ, DDSQ-ACE-BZ, and POSS-ACE-BZ were confirmed using FTIR, 
1H NMR, and 13C NMR spectroscopy; respectively. The thermal curing peaks, ring-opening polymerization (ROP) 
behavior, and thermal stability properties of the ACE-BZ, DDSQ-ACE-BZ, and POSS-ACE-BZ were analyzed using 
differential scanning calorimetry (DSC), FTIR and thermogravimetric analysis (TGA). After thermal curing, the 
thermal stability (Td10 ,char yields) of poly(ACE-BZ), poly(DDSQ-ACE-BZ), and poly(POSS-ACE-BZ) were 
(435 ◦C, 46 wt%), (544 ◦C, 75 wt%), and (510 ◦C, 74 wt%), respectively. Notably, poly(DDSQ-ACE-BZ) 
demonstrated superior thermal stability compared to poly(POSS-ACE-BZ), primarily attributed to the inher
ently higher thermal stability of the rigid DDSQ moiety relative to POSS. Based on our current understanding, the 
DDSQ-based polybenzoxazine resin discussed in this study demonstrates the highest thermal stability that has 
been documented so far.

1. Introduction

The increasing demand for strong, durable, and lightweight mate
rials in various commercial sectors has led the scientific community to 
focus extensively on advanced material research [1–3]. High- 
performance thermosetting polymers are particularly noteworthy due 
to their exceptional mechanical and thermal properties and low weight, 
making them suitable for numerous contemporary applications [4–6]. 
From these materials, cyanate esters, polyurethanes, polyimides ep
oxies, and phenolics are of significant importance [7–10]. Benzoxazine 
(BZ) is a heterocyclic compound characterized by the presence of oxygen 
and nitrogen atoms. It can be synthesized via the Mannich condensation 

reaction, which involves the primary amine, the phenolic compound, 
and formaldehyde derivatives [11,12]. Upon exposure to elevated 
temperatures, the oxazine units undergo thermal curing to form poly
benzoxazines (PBZ), a novel class of thermosetting materials capable of 
forming inter- and intramolecular hydrogen bonds without the need for 
additional curing agents or catalysts [13–16].

Polybenzoxazines (PBZs) have garnered considerable attention from 
both academic and industrial sectors due to their outstanding properties, 
which include low surface free energy, high adhesive strength, minimal 
volumetric shrinkage upon curing, excellent thermal stability, and a low 
dielectric constant, they are highly valued [17–23]. A notable example is 
poly(BA-a), a benzoxazine resin synthesized from bisphenol A and 
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aniline, which has been commercially utilized for over two decades in 
applications such as electronic packaging, aerospace, and transportation 
[24]. The versatility of macromolecular design in PBZs allows for the 
incorporation of various functionalities, significantly broadening their 
potential applications. Nevertheless, PBZs are not without limitations. 
For example, the ring-opening polymerization of benzoxazines requires 
elevated temperatures, and the resulting cured materials tend to be more 
brittle compared to other thermosetting materials, which restricts their 
use as matrices in certain high-performance composites. Additionally, at 
temperatures above 260 ◦C, the C–N–C bonds in non-crosslinked mole
cules are prone to cleavage, thereby constraining the high-temperature 
applicability of benzoxazine resins [25]. To address these challenges, 
the incorporation of organic functional groups [26–28], carbon-based 
materials [29,30], and silicon-based materials [31–33] into benzox
azine matrices has been explored. Such modifications can enhance the 
thermal and mechanical properties of the resins by promoting the for
mation of crosslinking networks and reducing chain mobility.

There has been a growing body of research focused on the potential 
advantages of incorporating polyhedral oligomeric silsesquioxane 
(POSS) nanoparticles (NPs) into polymer matrices. These nanoparticles 
have been shown to enhance thermal stability, reduce flammability, 
decrease density, lower thermal conductivity, increase oxidation resis
tance, and reduce surface free energy of the resulting composite 

materials [34–44]. The empirical chemical formula for POSS nano
structures is typically RSiO1.5, where R denotes an organic group such as 
hydroxyl, acrylate, epoxy, arylene, or a hydrogen atom [45–48]. POSS 
nanoparticles can be incorporated into polymer matrices in various 
forms, either as mono-functional or multi-functional entities, resulting 
in POSS-polymer hybrids that can be classified into end-chain or side- 
chain variants, depending on the attachment point of the POSS moi
eties [49–53]. This approach has also been extended to BZ resins to 
develop polybenzoxazine nanocomposites with improved thermal sta
bility and reduced brittleness [54–57]. Most previous studies have 
focused on blending low molecular weight BZ monomers with either 
monofunctional or octafunctional POSS macromers, followed by curing 
these mixtures at high temperatures to form organic–inorganic-based 
PBZs nanocomposites. For instance, Liu’s group prepared PBZ contain
ing double-decker silsesquioxane (DDSQ) and examined its thermal 
stability and ring-opening polymerization behavior [58]. Furthermore, 
our group developed a transparent and flexible PBZ by incorporating 
flexible polydimethylsiloxane (PDMS) and rigid DDSQ units. This 
resulted in a PDMS-BZ-DDSQ main chain-type PBZ copolymer following 
the thermal polymerization of the BZ monomer units [59]. In another 
study, our research group also synthesized a highly thermally stable and 
flexible PDMS-DABZ-DDSQ copolymer through a Diels–Alder reaction 
[17].

Fig. 1. (a) Synthesis of ACE-BZ monomer (b) FTIR, (c) 1H NMR, and (d) 13C NMR spectra of ACE and ACE-BZ.
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High-performance polymers are essential for advanced applications 
due to their ability to withstand extreme temperatures without degra
dation, ensuring durability and reliability in fields such as aerospace, 
electronics, and automotive industries [17,59]. While extensive research 
has been conducted on diacetyl benzoxazines and POSS-functionalized 
benzoxazines as separate entities, limited studies have examined the 
combined effects of these materials. Diacetyl benzoxazines are known 
for their exceptional thermal stability and degradability [60], whereas 
POSS-benzoxazine nanocomposites exhibit superior mechanical and 
thermal properties, making them well-suited for high-performance ap
plications [45]. However, to our knowledge, the potential synergistic 
effect of incorporating POSS into diacetyl-functionalized benzoxazines 
to achieve enhanced thermal stability remains unexplored.

In this study, we first synthesized an allyl-functionalized benzox
azine (BZ) with a rigid diacetal structure by reacting ACE with allyl
amine in the presence of paraformaldehyde, resulting in the formation of 
ACE-BZ. This novel compound was then subjected to further chemical 
modification through a hydrosilylation reaction with both DDSQ and 
POSS. The reaction with DDSQ yielded a main-chain DDSQ-ACE-BZ , 
while the reaction with POSS produced a highly crosslinked POSS-ACE- 
BZ. These DDSQ and POSS functionalized PBZ nanocomposites exhibi
ted remarkable thermal stability and reduced activation energy 
compared to other PBZs materials, indicating their potential for high- 
performance applications. The primary objectives of this research 
were to explore the feasibility of incorporating POSS cages into PBZ 
matrices to create highly crosslinked networks and to investigate the 
effects of POSS on the thermal curing behavior, thermal stability, and 
activation energy of ACE-BZ crosslinked thermosets. Additionally, this 

study aims to provide insights into how the integration of POSS and 
DDSQ into BZ structures can enhance the thermal properties of the 
resulting materials, thereby expanding their applicability in various 
advanced technological fields. The synthesized poly(DDSQ-ACE-BZ) and 
POSS-ACE-BZ exhibited outstanding thermal stability, with decompo
sition temperatures reaching 544 ◦C and 510 ◦C, respectively. This high- 
temperature resilience makes them well-suited for applications in in
dustries such as electronics and automotive, where materials must 
withstand extreme thermal conditions.

2. Experimental section

2.1. Materials

Pentaerythritol, p-hydroxybenzaldehyde (p-BZCHO-OH), p-toluene
sulfonic acid [PTSA], allylamine, sodium bicarbonate (Na2CO3), sodium 
hydroxide (NaOH), octakis(dimethylsilyloxy)octasilsesquioxane 
(ODMS-POSS), phenyltrimethylsilane, platinum divinylte
tramethyldisiloxane complex [Pt(dvs)], and methyl dichlorosilane were 
purchased from Sigma-Aldrich. Petroleum ether (PE), N, N-dime
thylformamide (DMF), 1,4-dioxane (DO), and toluene were supplied by 
obtained from Alfa Aesar. ACE was synthesized according to a previous 
study as shown in Scheme S1 [60]. The detailed synthesis procedures for 
double-decker silsesquioxane-Na (DD-Na) and DDSQ are included in the 
supporting information file.

Fig. 2. (a) DSC, (b) FTIR spectra, (c) TGA analyses, and (d) char yield and Td10 values of ACE-BZ monomer before and after thermal polymerization at different 
temperatures.
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2.2. Synthesis of ACE-BZ

A solvent system consisting of DO (60 mL) and EtOH (30 mL) was 
utilized to prepare a mixture containing ACE (1 g, 2.90 mmol), allyl
amine (0.33 mL, 7.53 mmol), and paraformaldehyde (0.39 g, 13 mmol). 
The reaction mixture was refluxed overnight at 100 ◦C while stirring. 
After the reaction was complete, the co-solvents were evaporated under 
reduced pressure, resulting in a white sticky liquid. To purify the crude 
product, it was diluted with EA and extracted with water and a 1 M 
NaOH solution. The organic phase was then dried over anhydrous 
Na2SO4, and the solvent was evaporated to yield a white solid product 
(yield: 94 %). FTIR (cm− 1): 2905 (aromatic CH), 1644 (C––C), and 940 
(oxazine ring). 1H NMR (DMSO‑d6, 500 MHz, δ, ppm): δ = 5.83, 5.36 
(CH––CH2), 4.82 (OCH2N), 3.98 (ArCH2N). 13C NMR (DMSO‑d6, 125 
MHz, δ, ppm): δ = 134.7, 116 (CH––CH2), 82.04 (OCH2N), 54.40 
(ArCH2N).

2.3. Synthesis of DDSQ-ACE-BZ and POSS-ACE-BZ

Toluene (100 mL) was added to a three-neck flask equipped with a 
reflux condenser, and DDSQ [17,59,61] ((0.5695 g, 0.49 mmol) and 
ACE-BZ (0.25 g, 0.49 mmol)), or ODMS-POSS (0.18 g, 0.176 mmol) and 
ACE-BZ (0.356 g, 0.704 mmol) and after adding 0.05 wt% of Pt(dvs), the 
reaction mixture was stirred and heated to 100 ◦C under reflux condi
tions in a nitrogen atmosphere. The reaction completion was observed 
by physical indicators like color change and most importantly by using 
thin-layer chromatography (TLC) to observe the reactants fully con
verted to desired compounds. Insoluble materials were removed from 

the mixture through filtration. The filtrate was then concentrated by 
vacuum distillation, resulting in the formation of a solid product. This 
solid was further dried in a vacuum oven to yield DDSQ-ACE-BZ (yield: 
79 %) or POSS-ACE-BZ compound (yield: 85 %).

2.4. Thermal curing of ACE-BZ, DDSQ-ACE-BZ, and POSS-ACE-BZ

An aluminum pan containing the specified quantity of ACE-BZ, 
DDSQ-ACE-BZ, or POSS-ACE-BZ was heated in an oven from 110 to 
270 ◦C at a rate of 5 ◦C/min for 2 h to afford poly(ACE-BZ), poly(DDSQ- 
ACE-BZ) and poly(POSS-ACE-BZ).

3. Results and discussion

3.1. Synthesis and characterization of ACE and ACE-BZ

The synthesis of ACE-BZ was achieved via a Mannich condensation 
reaction involving ACE, allylamine, and paraformaldehyde in a 2:1 
mixture of DO and EtOH at 110 ◦C throughout 24 h [Fig. 1(a)]. The FTIR 
spectrum of ACE exhibited characteristic absorption bands at 3407, 
1600–1500, and 1062 cm− 1, corresponding to the hydroxyl (OH) 
groups, aromatic vibrations, and C–O–C units of the diacetal structure, 
respectively [Fig. 1(b)]. Upon completion of the Mannich condensation 
to form ACE-BZ, the disappearance of the OH peak was noted, and new 
absorption bands appeared at 1670 and 940 cm− 1, indicative of the 
presence of C––C bonds and the oxazine ring, respectively [Fig. 1(b)]. 
The 1H NMR spectrum of ACE-BZ [Fig. 1(c)] confirmed the disappear
ance of the OH signal from ACE. In addition, new signals were observed 

Fig. 3. Possible ring opening polymerization mechanism of ACE-BZ monomer to form poly(ACE-BZ).
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at 5.8 ppm and 5.3 ppm, corresponding to the CH2––CH group derived 
from allylamine. The peaks at 4.8 ppm and 3.9 ppm were attributed to 
OCH2N and ArCH2N units, respectively, demonstrating that all hydroxyl 
groups in the ACE were involved in forming the oxazine ring. The 
remaining signals in the ACE-BZ spectrum originated from the ACE 
moiety, confirming the retention of a stable diacetal structure. Further 
structural verification was provided by the 13C NMR spectrum of ACE- 
BZ, which displayed signals at 134.0 ppm (for ––CH), 113.0 ppm (for 
––CH2), 81.7 ppm (for OCH2N), and 54.3 ppm (for ArCH2N) [Fig. 1(d)]. 
Additionally, peaks at 32.23 ppm and 102.2 ppm were assigned to 
quaternary and tertiary carbon atoms within the diacetal framework, 
respectively. The lack of the OH signal and the clear presence of the 
oxazine ring unequivocally support the successful synthesis of the ACE- 
BZ monomer.

3.2. Thermal polymerization of ACE-BZ

The thermal ring-opening polymerization behavior of ACE-BZ 
monomer was systematically investigated using DSC, FTIR, and TGA 
[Fig. 2]. These analyses were performed over a temperature range from 
25 ◦C to 270 ◦C. At 25 ◦C, the DSC thermogram displayed an endo
thermic peak at 105 ◦C and an exothermic peak at 214 ◦C, which in
dicates the high purity of the allyl-containing benzoxazine monomer 

derived from ACE monomer [Fig. 2(a)]. Following thermal treatment at 
110, 150, and 180 ◦C, the DSC curves exhibited thermal polymerization 
peaks at 228, 232, and 231 ◦C, respectively. However, after thermal 
treatment at temperatures of 210 ◦C and 270 ◦C, no further thermal 
polymerization peaks were observed, this suggests that the oxazine rings 
had fully undergone ROP at these temperatures [Fig. 2(a)]. In ACE-BZ, 
as the temperature rises, the exothermic peak shifts to higher values. 
Partial curing initiates around 110 ◦C, where cross-linking begins, 
creating a thermally stable network. This stabilized structure then re
quires a higher temperature to complete the ring-opening polymeriza
tion (ROP), leading to a shift in the exothermic peak. At elevated curing 
temperatures, specifically 210 ◦C and 270 ◦C, the absence of exothermic 
peaks indicates that the oxazine ring has fully undergone ROP, marking 
the completion of the curing process. The polymerization triggered by 
heat was further verified through FTIR spectroscopy [Fig. 2(b)]. As the 
thermal ROP temperature increased to 180 ◦C, the FTIR spectra revealed 
a new peak at 3350 cm− 1, indicating the presence of hydroxyl groups, 
along with a significant reduction in the intensity of the absorption band 
at 940 cm− 1, associated with the oxazine ring. Upon further heating 
beyond 210 ◦C, the characteristic peaks for the allyl group at 3090 cm− 1 

and the oxazine ring at 940 cm− 1 disappeared completely, signifying the 
full ROP of the allyl groups and their additional reactivity at elevated 
temperatures, as shown in Fig. 2(b). These observations suggest that the 

Fig. 4. (a) Synthesis of DDSQ-ACE-BZ, (b) FTIR, (c) 1H NMR, spectra of DDSQ, ACE-BZ and DDSQ-ACE-BZ and (d) 13C NMR spectra of ACE-BZ and DDSQ-ACE-BZ.
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thermal polymerization of ACE-BZ involves two distinct reaction path
ways. The primary pathway is the ROP of the oxazine ring, which occurs 
at relatively moderate temperatures. The secondary pathway involves 
an additional reaction of the allyl groups at higher temperatures, 
contributing to the overall polymerization process. This dual mechanism 
is crucial for understanding the thermal behavior and the stability of the 
resulting polymer networks formed from ACE-BZ [62]. Additionally, 
TGA was employed to assess the thermal stability of the ACE-BZ at 
various curing temperatures [Fig. 2(c)]. The degradation temperature 
(Td10) and char yield at different curing conditions are presented in 
Fig. 2(d). For the uncured ACE-BZ, the Td10 was recorded at 330 ◦C with 
a char yield of 34 wt%. Upon curing at 270 ◦C, the thermal stability 
significantly improved, with Td10 increasing to 435 ◦C and the char yield 
reaching 46 wt%.

The improvement in thermal stability is attributable primarily to the 
ROP of the oxazine rings and the additional polymerization of the allyl 
groups, which together promote the formation of a highly cross-linked 
poly(ACE-BZ) network with reduced moisture content at elevated tem
peratures [Fig. 3] [63]. Furthermore, the significant intra- and inter
molecular hydrogen bonding (OH⋯O) that develops during the ROP 
process plays a crucial role in enhancing the thermal stability of the PBZ 

[64]. Collectively, these components contribute to the robust thermal 
performance of the thermal-cured ACE-BZ, making it a promising ma
terial for high-temperature applications. The proposed polymerization 
mechanism of the ACE-BZ is illustrated in Fig. 3. At high temperatures, 
the O–C bond in the Ar–O–CH2 structure breaks, generating a carboca
tion (C+) and an oxygen anion (O− ). This reaction likely triggers the 
thermal ring-opening of the oxazine ring in ACE-BZ. Following this, the 
N–CH+ group attaches to the ortho-position on an adjacent ring, forming 
a Mannich bridge. Meanwhile, the O− abstracts a hydrogen from the 
ortho-position of a neighboring ring, resulting in the formation of a 
phenolic OH group.

3.3. Synthesis, characterization, and ROP behavior of the DDSQ-ACE-BZ

In DDSQ-ACE-BZ synthesis, both DDSQ and ACE-BZ contain 
bifunctional reactive sites, so we selected a 1:1 ratio to produce a linear 
DDSQ-ACE-BZ polymer with a main chain structure. Fig. 4(a) illustrates 
the synthesis of the main-chain DDSQ-ACE-BZ via a hydrosilylation re
action between DDSQ and ACE-BZ. The existence of the oxazine ring in 
DDSQ-ACE-BZ was confirmed using FTIR and NMR spectroscopy. The 
FTIR spectrum of DDSQ displayed characteristic absorption bands at 

Fig. 5. (a) DSC, (b) FTIR spectra, (c) TGA analyses, and (d) char yield and Td10 values of DDSQ-ACE-BZ before and after thermal polymerization at different 
temperatures.

Fig. 6. Possible ring opening polymerization mechanism of DDSQ-ACE-BZ to form poly(DDSQ-ACE-BZ).
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2175 cm− 1 and 1122 cm− 1, corresponding to the Si–H and Si–O–Si 
groups, respectively. After the hydrosilylation reaction, the disappear
ance of the Si–H peak in the DDSQ-ACE-BZ spectrum, along with the 
appearance of a new band at 924 cm− 1 indicatives of the oxazine ring, 
confirmed the successful reaction [Fig. 4(b)]. This observation was 
further corroborated by the 1H NMR spectrum of DDSQ-ACE-BZ, where 
the signal for the Si–H group at 4.99 ppm, present in DDSQ, was 
completely absent, validating the complete hydrosilylation process. 
Additionally, two distinct signals at 4.89 ppm and 3.98 ppm, corre
sponding to the OCH2N and ArCH2N units of the oxazine ring, were 
observed in the DDSQ-ACE-BZ spectrum [Fig. 4(c)]. The presence of 
terminal double bonds in the main chain of DDSQ-ACE-BZ was evi
denced by signals at 5.3 ppm and 4.8 ppm in the 1H NMR spectrum, 
which align with those from the terminal double bonds of ACE-BZ. 
Furthermore, additional proton signals corresponding to the quater
nary and tertiary carbon atoms of the diacetal framework were also 
detected, indicating that the diacetal structure of ACE-BZ remained. The 
13C NMR spectrum of DDSQ-ACE-BZ further supported these findings, 
displaying signals characteristic of the oxazine ring at 82 ppm and 55 
ppm, as well as signals for the terminal double bonds at 134 ppm and 
113 ppm, respectively [Fig. 4(d)]. These results collectively confirm the 
successful synthesis and structural integrity of the DDSQ-ACE-BZ com
pound following hydrosilylation.

To study the ROP of DDSQ-ACE-BZ, TGA, DSC, and FTIR spectros
copy were employed at various temperatures [Fig. 5]. At ambient 

temperature, the DSC traces of the DDSQ-ACE-BZ exhibited a distinct 
exothermic curing peak at 232 ◦C [Fig. 5(a)], indicative of high purity. 
This peak signifies the formation of poly(DDSQ-ACE-BZ) at elevated 
temperatures, resulting from thermal activation and subsequent ring- 
opening of the oxazine ring in DDSQ-ACE-BZ. After additional thermal 
treatment at 110 and 180 ◦C, the exothermic peaks shifted slightly to 
230, 229, and 243 ◦C, respectively. The decreasing intensity of these 
curing peaks suggests the presence of an underlying catalytic effect. 
However, when the thermal treatment temperature was raised to 210 
and 270 ◦C, the exothermic peak completely disappeared [Fig. 5(a)], 
indicating that the curing process was fully completed. To elucidate the 
structural changes occurring in DDSQ-ACE-BZ during thermal curing, in 
situ FTIR spectroscopy was conducted at various temperatures [Fig. 5
(b)]. The distinctive absorption bands of DDSQ-ACE-BZ at 934 cm− 1 

attributed to the oxazine ring as the curing temperature rose from 110 to 
180 ◦C, and remained observable, though with diminishing intensities. 
Upon further heating to 210 and 270 ◦C, these peaks were no longer 
detected, signifying the completion of ROP of the oxazine rings, result
ing in a cross-linked and highly thermally stable poly(DDSQ-ACE-BZ). 
To assess the thermal stability of DDSQ-ACE-BZ, TGA measurements 
were performed to determine the degradation temperature at 10 % 
weight loss and the char yield. These parameters were evaluated before 
and after the thermal curing of DDSQ-ACE-BZ at different temperatures 
[Fig. 5(c) and 5(d)]. The Td10 and char yield for uncured DDSQ-ACE-BZ 
were found to be 492 ◦C and 69 wt%, respectively. Following curing at 

Fig. 7. (a) Synthesis of POSS-ACE-BZ (b) FTIR profiles of POSS, ACE-BZ and POSS-ACE-BZ, (c) 13C NMR and SS 13C NMR spectra of ACE-BZ and POSS-ACE-BZ. (d) 
TGA spectra of POSS, ACE-BZ and POSS-ACE-BZ.
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150, 180, 210, and 270 ◦C, the Td10 values increased progressively to 
502, 514, 522, 531, and 544 ◦C, respectively.

The reason for this improvement in thermal stability is the robust 
rigid DDSQ units in the DDSQ-ACE-BZ structure and the ROP of the 
oxazine groups, which contributes to the formation of a more cross- 
linked and stable polymer network with a superior thermal resistance 
[Fig. 6] [65]. Fig. 6 shows the possible ROP mechanism of the DDSQ- 
ACE-BZ to form poly(DDSQ-ACE-BZ) [65].

3.4. Preparation, characterization, and ROP behavior of the POSS-ACE- 
BZ

In the case of POSS-ACE-BZ, we combined an 8-functional monomer 
(POSS) with a bifunctional monomer (ACE-BZ) in a 1:4 ratio. Each POSS 
molecule, having eight reactive sites, can potentially bind with up to 
eight bifunctional ACE-BZ molecules. The 1:4 ratio ensures an ample 
supply of bifunctional monomers, allowing multiple crosslinking points 
per multifunctional monomer, effectively “linking” several chains 
together. This results in a densely interlinked network. The crosslinked 
POSS-ACE-BZ networks were also synthesized via a hydrosilylation re
action involving ACE-BZ and POSS monomers, as depicted in Fig. 7(a). 
The successful occurrence of the hydrosilylation reaction and the pres
ence of the BZ ring was confirmed using spectroscopy analyses including 
NMR and FTIR. In the FTIR pattern of POSS [Fig. 7(b)], Typical signals 
were seen at 2203 and 1153 cm− 1, according to the Si–H and Si–O–Si 
groups, respectively. After hydrosilylation, the Si–H peak in the POSS- 
ACE-BZ spectra disappeared, and a band at 932 cm− 1 appeared, indi
cating the presence of the oxazine ring and the formation of POSS-ACE- 

BZ. Additionally, the Si–O–Si peak of POSS-ACE-BZ was broadened 
compared to that of POSS, suggesting the formation of a crosslinked 
structure [66,67]. Due to the insolubility of POSS-ACE-BZ in organic 
solvents, solid-state 13C NMR was employed to further characterize 
POSS-ACE-BZ. Aromatic carbon signals were detected between 
115–131 ppm, and two oxazine ring proton signals were observed at 82 
and 55 ppm, representing the OCH2N and ArCH2N units, respectively 
[Fig. 7(c)]. Furthermore, TGA was used to assess the thermal stability of 
POSS-ACE-BZ [Fig. 7(d)]. The Td10 and char yield values of POSS and 
ACE-BZ were found to be 261 ◦C with 0 wt% and 338 ◦C with 35 wt%, 
respectively. After the hydrosilylation reaction, the Td10 and char yield 
values of POSS-ACE-BZ increased substantially to 467 ◦C and 68 wt%, 
respectively, indicating enhanced thermal stability due to the cross- 
linking of POSS and ACE-BZ.

The thermal polymerization behavior of POSS-ACE-BZ was further 
investigated using DSC and FTIR at various stages of heat treatment, as 
shown in Fig. 8(a) and (b). The DSC analysis of the POSS-ACE-BZ 
revealed thermal curing peaks at 267, 269, and 266 ◦C as the heat 
treatment temperature was incrementally increased from 100 to 180 ◦C 
[Fig. 8(a)]. Fig. 8(a) illustrates the disappearance of the oxazine peak 
after thermal treatment between 210 and 270 ◦C. The DDSQ and POSS 
exhibit exceptional thermal stability due to their inorganic, cage-like 
rigid structures. When incorporated into the ACE-BZ monomer, they 
form a highly crosslinked, rigid framework that increases chain stiffness. 
This added rigidity restricts chain mobility, requiring greater thermal 
energy to enable necessary rearrangements and crosslinking, thus 
shifting the exothermic peak to higher temperatures. Concurrently, 
Fig. 8(b) shows a progressive decrease and eventual disappearance of 

Fig. 8. (a) DSC, (b) FTIR spectra, (c) TGA analyses, (d) char yield and Td10 values of POSS-ACE-BZ before and after thermal polymerization at different temperatures.
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the BZ ring’s absorption bands at 932 cm− 1 as the curing temperature 
was raised from 100 to 180 ◦C, vanishing completely at 210 and 270 ◦C. 
These observations are consistent with the DSC results depicted in Fig. 8
(a). Furthermore, TGA analysis of the uncured POSS-ACE-BZ, as shown 
in Fig. 8(c), indicated a Td10 value of 467 ◦C and a char yield of 69 wt%. 
After sequential heat treatments, the Td10 values recorded were 466, 
476, 477, 487, and 510 ◦C, with corresponding char yields of 69, 70, 71, 
72, and 74 wt%, respectively, as illustrated in Fig. 8(c) and (d).

Fig. 9 illustrates the formation of poly(POSS-ACE-BZ) with a highly 
crosslinked three-dimensional network structure [65]. This structure 
includes additional crosslinking provided by C––C groups [68]. The 
insolubility of POSS-ACE-BZ polymers significantly influences both their 
processing and applications. This property offers notable advantages in 
terms of durability, as insoluble materials typically exhibit enhanced 
chemical resistance, making POSS-ACE-BZ polymers well-suited for 
protective coatings and membranes exposed to high pH or corrosive 
environments [32,50]. Additionally, their high thermal stability renders 
them suitable for demanding applications in electronics, automotive, 
and aerospace industries, where materials are required to function as 
thermally stable adhesives or insulating layers [39]. The morphology of 
DDSQ-ACE-BZ and POSS-ACE-BZ was analyzed using SEM, and the 
presence of heteroatoms was further verified through SEM elemental 
mapping, as shown in Fig. S1. SEM images revealed an irregular and 
disordered spherical morphology for both DDSQ-ACE-BZ and POSS- 
ACE-BZ [Fig. S1(a) and (b)], indicating a non-uniform structure at the 
microscale. The observed irregular morphology suggests an increase in 

surface roughness, which may significantly impact various applications. 
In adhesive and coating technologies, enhanced surface roughness often 
promotes improved mechanical interlocking and stronger substrate 
adhesion [32,50]. Additionally, in optical and photonic applications, 
irregular morphologies can contribute to light scattering, rendering 
them useful for anti-reflective coatings and optical diffusers [39]. 
Consequently, this surface roughness expands the potential applicability 
of DDSQ-ACE-BZ and POSS-ACE-BZ across diverse technical fields. SEM 
elemental mapping [Fig. S1(c–j)] confirmed the distribution of C (red 
color), N (blue color), O (green color), and Si (white color) throughout 
the samples. This elemental analysis supports the presence of the oxa
zine ring, and the rigid silicon framework associated with DDSQ and 
POSS, highlighting the successful incorporation of these components 
into the polymer matrices.

3.5. DSC kinetics of ACE-BZ, DDSQ-ACE-BZ and POSS-ACE-BZ

We investigated the activation energy (Ea) of ACE-BZ, DDSQ-ACE- 
BZ, and POSS-ACE-BZ using DSC analysis at varying heating rates [5, 10, 
15, and 20 ◦C min− 1], as shown in Fig. 10. The Ea values were calculated 
using the Kissinger and Ozawa methods. Based on the Kissinger analysis, 
the Ea values for ACE-BZ, DDSQ-ACE-BZ, and POSS-ACE-BZ were 
determined to be 95.89, 117.17, and 162 kJ/mol, respectively. The 
Ozawa method yielded Ea values of 104.2, 127.47, and 164.5 kJ/mol for 
ACE-BZ, DDSQ-ACE-BZ, and POSS-ACE-BZ, respectively. The order of Ea 
values was found to be POSS-ACE-BZ > DDSQ-ACE-BZ > ACE-BZ. The 

Fig. 9. Possible ring opening polymerization mechanism of POSS-ACE-BZ to form poly(POSS-ACE-BZ).
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ACE-BZ monomer, being a small molecule with high mobility, requires 
relatively low energy to initiate the ROP of the oxazine unit compared to 
DDSQ-ACE-BZ and POSS-ACE-BZ. The highly crosslinked POSS-ACE-BZ 
is composed of ACE-BZ units interconnected by covalent bonds, forming 
a three-dimensional network. Consequently, the ROP of the oxazine 
units in POSS-ACE-BZ is more difficult, resulting in higher activation 
energy for POSS-ACE-BZ [69].

3.6. Comparison of ROP behavior and thermal properties of ACE-BZ, 
DDSQ-ACE-BZ, and POSS-ACE-BZ

Fig. 11 presents a comparison of the DSC curves and thermal stability 
of ACE-BZ, DDSQ-ACE-BZ, and POSS-ACE-BZ. The exothermic curing 
peak for ACE-BZ was observed at 214 ◦C, which increased to 232 ◦C for 
DDSQ-ACE-BZ and 267 ◦C for POSS-ACE-BZ after the hydrosilylation 
reaction between ACE-BZ with DDSQ and POSS, respectively [Fig. 11
(a)]. This increase in curing temperatures of the DDSQ-ACE-BZ and 
POSS-ACE-BZ can be attributed to the rigid structures of DDSQ and 
POSS. Td10 and char yield for ACE-BZ, DDSQ-ACE-BZ, and POSS-ACE-BZ 
were measured as 338 ◦C with a 35 wt% char yield, 492 ◦C with a 69 wt 
% char yield, and 467 ◦C with a 68 wt% char yield, respectively [Fig. 11
(b) and (c)]. After the ROP process at 270 ◦C, the Td10 and char yield for 
poly(ACE-BZ), poly(DDSQ-ACE-BZ), and poly(POSS-ACE-BZ) increased 
to 435 ◦C with a 46 wt% char yield, 544 ◦C with a 75 wt% char yield, and 
510 ◦C with a 74 wt% char yield, respectively [Fig. 11(d) and (e)]. 
Notably, our poly(DDSQ-ACE-BZ), and poly(POSS-ACE-BZ) exhibit 
higher Td10 values than previously reported thermally stable 

polybenzoxazines, indicating superior thermal stability due to the rigid 
structures of DDSQ and POSS [Fig. 11(f) and Table S1]. To gain deeper 
insight into the thermal degradation behavior of these PBZ materials, 
derivative weight loss curves were analyzed, as shown in Fig. S2. The 
derivative weight loss curve of ACE-BZ exhibited three distinct decom
position stages: the first peak, between 210–230 ◦C, corresponds to 
the ROP of the oxazine ring, the second peak, at 330–350 ◦C, indicates 
the breakdown of diacetal groups; and the final peak signifies the 
complete decomposition of the ACE-BZ monomer [Fig. S2(a)]. In com
parison, DDSQ-ACE-BZ and POSS-ACE-BZ displayed a complete degra
dation peak at 500–550 ◦C [Fig. S2(a)]. After ROP at 270 ◦C, the thermal 
degradation temperatures of poly(ACE-BZ), poly(DDSQ-ACE-BZ), and 
poly(POSS-ACE-BZ) increased, consistent with TGA analysis [Fig. S2
(b)]. The higher thermal stability of DDSQ-ACE-BZ compared to POSS- 
ACE-BZ is primarily due to the greater thermal stability of the DDSQ 
molecule with eight aromatic rings compared to POSS with sixteen CH3 
units [17].

4. Conclusion

The incorporation of DDSQ and POSS units into the polybenzoxazine 
matrix significantly enhanced the thermal properties of the resulting 
nanocomposites. The hydrosilylation reaction provided a robust syn
thetic route, enabling the effective integration of these nanostructures 
within the polymer backbone. Comprehensive characterization using 
NMR and FTIR spectrometry confirmed the successful synthesis of the 
desired DDSQ and POSS functionalized PBZ. Remarkably, after thermal 

Fig. 10. DSC kinetics at different heating rates and their activation energy values (a–c) ACE-BZ monomer, (d–f) DDSQ-ACE-BZ, and (g–i) POSS-ACE-BZ.
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curing at 270 ◦C, the DDSQ-ACE-BZ nanocomposite exhibited a Td10 of 
544 ◦C and a char yield of 75 wt%, while the POSS-ACE-BZ nano
composite achieved a Td10 of 510 ◦C and a char yield of 74 wt%. High- 
temperature polymers are critical in aerospace, electronics, and auto
motive industries due to their durability under extreme thermal condi
tions. The synthesized poly(DDSQ-ACE-BZ) and poly(POSS-ACE-BZ) 
demonstrate exceptional thermal stability, withstanding temperatures 
of up to 544 ◦C and 510 ◦C, respectively, making them highly suitable for 
high-temperature applications. These remarkable thermal properties 
highlight the potential of DDSQ and POSS-functionalized poly
benzoxazines for advanced applications demanding materials capable of 
enduring extreme thermal environments. This development represents a 
significant advancement in high-performance polymer nanocomposites, 
setting a new benchmark for thermal stability in the field.
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