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A B S T R A C T

A new diamine-functionalized double-decker silsesquioxane (DDSQ-NH2) derivative was first synthesized from 
the phenyltrimethoxysilane as the starting material by following sol–gel reaction in NaOH to form DDNa, corner 
capping with methylvinyldichlorosilane to form the DDSQ-CH=CH2 derivative and finally reacted with 4-bro
moaniline by using Heck reaction to obtain the target compound. Various synthetic approaches, including 
one-pot Mannich condensation and three-step synthesis based on this new diamine-functionalized DDSQ (DDSQ- 
NH2) compound, were explored but proved unsuccessful due to low selectivity and DDSQ structural degradation. 
The novel DDSQ-based benzoxazine monomer (DDSQ-BZ (III) in this study) was successfully synthesized through 
a Schiff-base reaction between DDSQ-NH2 and 3-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazine-6-carbaldehyde 
(CHO-BZ) monomer, maintaining the fully closed-cage DDSQ structure, which is thoroughly characterized using 
FTIR, NMR, DSC, and TGA analyses, confirming the retention of the DDSQ cage and the formation of the ben
zoxazine ring. Thermal polymerization behavior was analyzed, revealing record-high stability (Td10 = 644 ◦C, 
char yield = 82.8 wt%). TEM, SEM, and EDX analyses demonstrated homogeneous dispersion of the DDSQ cage 
structure within the polybenzoxazine matrix, ensuring enhanced thermal stability.

1. Introduction

Organic polymeric materials are essential in various electronic 
automotive and aerospace applications [1–3]. Among these, benzox
azine (BZ) resins have received much attention because of their high 
heat resistance, flexible molecular design, stable dimensional and 
dielectric constant, and low surface free energy compared with the 
traditional phenolic or epoxy resin [4–13], which have potential appli
cations in surface coatings [14–17], adhesives [18] and nanocomposites 
[19–21]. The synthesis of benzoxazine derivatives typically involves the 
Mannich condensation of primary aromatic or aliphatic amines, 
phenolic derivatives, and CH2O in various solvents. During thermal ring- 
opening polymerization (ROP), the benzoxazine monomer could form a 
highly three-dimensional (3D) crosslinked polymer network without 
any byproducts releasing [22–25].

Despite their excellent properties, the typical benzoxazine resins also 
meet some limitations in terms of thermal stability and chemical 

resistance at relatively higher temperature environments (for example 
> 250 ◦C for silicon carbide (SiC) device packing) [26]. To overcome 
these challenges, there has been significant interest in modifying the 
chemical structures of benzoxazine resin to improve their physical 
properties in extreme conditions. Using inorganic nanoparticles to form 
organic/inorganic polybenzoxazine hybrids is the typical approach to 
enhance their thermal performance [27,28] carbon-based nanoparticles 
including carbon black, carbon nanotube, or graphene [29–33]; how
ever, carbon-based nanoparticles often lack covalent bonding with the 
polybenzoxazine matrix, limiting their effectiveness [34–36]. As a 
result, silicon-based such as polydimethylsiloxane (PDMS), nanoclay 
silicate, or polyhedral oligomeric silsesquioxane (POSS) have been 
widely used in the polybenzoxazine matrix [37–43]. Among these, the 
most efficient approach for synthesizing polybenzoxazine/POSS nano
composites involves establishing covalent linkages within the polymer/ 
POSS hybrid structure [44–46]. Therefore, incorporating a POSS silica 
cage into the polymer network can improve their characteristics such as 
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high-temperature stability, dimensional stability, and flame retardancy 
[47–52].

In our previous studies [53–55], we presented a comprehensive 
analysis of the diverse structural configurations of polymer/POSS hybrid 
systems, which are largely dependent on the functionalization of POSS 
derivatives. For polybenzoxazine/POSS hybrids, many previous studies 
have used mono- or octa-functionalized POSS monomers to form their 
corresponding nanocomposites [44,56–58]. Another strategy for 
developing polybenzoxazine/POSS hybrids involves incorporating di- 
functionalized POSS nanoparticles and thus the DDSQ into the BZ 
resins has also been investigated [59–62]. DDSQ is a class of organic/ 
inorganic hybrid compounds that combine heat resistance and structural 
rigidity with the reactivity and versatility of organic functional groups. 
These unique behaviors make it an ideal candidate for improving the 
thermal and chemical stability of polymer/DDSQ hybrids of the main- 
chain type, such as polyimide [63–65], polyurethane [66–68], block 
copolymer [69–71], and polybenzoxazine [59–62] systems.

In our previous studies [72–75], the polybenzoxazine/DDSQ hybrids 
were all synthesized from the functionalized phenolic DDSQ derivatives, 
and thus the DDSQ-BZ monomer could be easily synthesized by one-pot 
Mannich condensation with primary amine (such as aniline and allyl 
amine) and CH2O. However, even though these DDSQ-BZ monomers 
already exhibited very high-temperature stability [up to the 10 % weight 
loss temperature (Td10) = 521 ◦C and char yield = 75.0 wt%] [73], some 
attempts have been used DDSQ cage into the BZ monomer to improve 
their physical properties further. In particular, the studies on the syn
thesis of diamine-functionalized DDSQ derivatives have shown that 
these monomers could provide a versatile platform for developing new 
polybenzoxazine resins. However, it did not consistently enable the 
successful synthesis of benzoxazine resin due to the low selectivity, 
especially in diamine monomers [76–78]. Lin and Ishida et al. proposed 
another approach for the preparation of benzoxazine monomers by 
using three-step methods involving forming a Schiff base with 4-hydrox
ybenzaldehyde, followed by reduction using NaBH4, and the ring-closing 
Mannich condensation with CH2O and then affords the benzoxazine 
monomer without any side reaction [76–78]. This three-step method 
became the typical approach to synthesizing the oxazine ring for 
multifunctional amine monomers in our previous studies [79–83]. 
However, the POSS cage structure is an easy partially hydrolyzed open 
cage structure with NaBH4 reduction agent [84], which would break the 
Si-O-Si bonds in POSS under certain conditions. To maintain the fully 
closed condensed cage DDSQ structure and the oxazine ring in DDSQ-BZ 
monomer, the reaction condition required to synthesize based on 
diamine DDSQ monomer (DDSQ-NH2) is often challenging, involving 
multi-step processes with potential side reactions that must be mediated 
to achieve the desired physical properties.

In light of these challenges, this study aims to address the synthesis 
difficulties associated with the DDSQ-BZ monomer by exploring new 
synthetic routes with fewer steps. As a result, a new DDSQ-NH2 deriv
ative was first synthesized in this study. Various synthetic approaches, 
including one-pot Mannich condensation and three-step synthesis based 
on this new DDSQ-NH2 compound, were explored but proved unsuc
cessful due to low selectivity and DDSQ structural degradation. As a 
result, the novel DDSQ-based benzoxazine monomer (DDSQ-BZ) in this 
study was successfully synthesized through a Schiff-base reaction be
tween DDSQ-NH2 and CHO-BZ monomer directly, maintaining the fully 
closed-cage DDSQ structure and the formation of the benzoxazine ring. 
The record-high thermal stability of the benzoxazine resin from 
diamine-functionalized DDSQ cage structure after thermal ROP pro
cedures was obtained (up to Td10 = 644 ◦C and char yield = 82.8 wt%) 
and thus this work highlights the significant role and synthesis chal
lenges of benzoxazine monomer based on diamine-functionalized 
DDSQ, making it a promising candidate for next-generation high-tem
perature materials.

2. Experimental Section

2.1. Materials

Phenyltrimethoxysilane (97 %), sodium hydroxide, triphenylphos
phine (98 %), phenol (99 %), aniline, salicylaldehyde (99 %), and so
dium borohydride were purchased from Sigma-Aldrich. Toluene, 
tetrahydrofuran (THF), triethylamine, methanol, isopropanol, 1,4- 
dioxane, and ethanol were purchased from Merck and were dried over 
CaH2 for 24 h. Methylvinyldichlorosilane (97 %), 4-bromoaniline (99 
%), palladium(II) acetate, paraformaldehyde, and 4-hydroxybenzalde
hyde were purchased from Alfa-Aesar. In our prior research, the syn
thesis of DDSQ and DDNa was successfully achieved, as depicted in 
Scheme 1(b) [69,72–74].

2.2. Synthesis of vinyl Double-Decker silsesquioxane (DDSQ-CH=CH2)

Methylvinyldichlorosilane (4.50 g, 20.0 mmol), DD-Na (11.60 g, 
5.00 mmol), triethylamine (4.00 g), and THF (150 mL) were put into the 
flask equipped with the ice bath and stirred for 6 h. The solution was 
further stirred at room temperature for 6 h. The filtrate was washed with 
deionized water, extracted with DCM, and dried over MgSO4. Through 
vacuum distillation, the DCM solution was concentrated and then dried 
in a vacuum oven to give the white solids (yield: 70 %). FTIR (KBr, 
cm− 1): 1605 (Si-CH=CH2), 1260 (Si-CH3), 1132 (Si-O-Si). 1H NMR (500 
MHz, CHCl3-d, δ, ppm): 7.56–7.17 (Ar-H), 6.20 and 5.92 (Si-CH=CH2), 
0.37 (Si-CH3).

Scheme 1. The preparation of diamine-functionalized DDSQ cage (DDSQ-NH2) (d) from (a) phenyltrimethoxylsilane, (b) DDNa, and (c) DDSQ-CH=CH2 compounds.

H.-W. Chen et al.                                                                                                                                                                                                                               European Polymer Journal 232 (2025) 113929 

2 



2.3. Synthesis of Dianilino Double-Decker silsesquioxane (DDSQ- 
NH2)

Under N2, DDSQ-CH=CH2 (6.05 g, 10 mmol), 4-bromoaniline (8.10 
g, 100 mmol), Pd(OAc)2 (125 mg), and triphenylphosphine (270 mg) 
were placed in a flask with 150 mL of anhydrous toluene and triethyl
amine (20 mL) and kept refluxed at 100 ◦C for 72 h. The resulting 

mixture was filtered and concentrated through rotary evaporation. After 
dropping the mixture solution into methanol, the precipitate was 
vacuum-dried at 30 ◦C for 24 h to obtain a powder. FTIR (KBr, cm− 1): 
3466 and 3402 (NH2 group), 1132 (Si-O-Si). 1H NMR (500 MHz, CHCl3- 
d, δ, ppm): 7.07–6.92 (CH=CH-Ph), 6.20 and 5.92 (Si-CH=CH), 3.72 
(NH2).

Scheme 2. (a) The synthesis of DDSQ-BZ (I) monomer from DDSQ-NH2 by using one-pot Mannich condensation and (b) the synthesis of DDSQ-BZ (II) monomer from 
DDSQ-NH2 by using a three-step approach.

Fig. 1. (a) FTIR and (b) 1H NMR spectra of DDSQ-CH=CH2 and DDSQ-NH2 derivatives.
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2.4. One-Pot Mannich condensation of DDSQ-BZ (I) from DDSQ-NH2 
monomer

DDSQ-NH2 (1.0 g, 0.72 mmol), phenol (0.142 g, 1.51 mmol), and 
paraformaldehyde (0.092 g, 3.03 mmol) reacted in a solvent mixture of 
toluene/ethanol (75 mL, ratio = 2/1) at 100 ◦C for 48 hr. The solution 
was extracted with 1  N sodium hydroxide and dried with anhydrous 
MgSO4. After filtering, the solvent was removed by a rotary evaporator 
and then the yellow solid was obtained (yield: 78 %), as presented in 
Scheme 2(a). FTIR (KBr, cm− 1): 3067 (CH aromatic), 1132 (Si-O-Si). 1H 
NMR (500 MHz, CHCl3-d, δ, ppm): 4.86 (triazine ring).

2.5. Three-Step synthesis of DDSQ-BZ (II) from DDSQ-NH2 monomer

Salicylaldehyde (0.188 mL, 1.8 mmol), ethanol (75 mL), and DDSQ- 
NH2 (0.5 g, 0.36 mmol) were added to a round flask and refluxed at 
75 ◦C for 24 h. The resulting yellow solid, DDSQ-Imine, was filtered, 
washed with ethanol, and dried. NaBH4 (0.285 g), DDSQ-Imine (1.0 g, 
0.63 mmol), and DMAc (20 mL) reacted for 24 h at 25 ◦C. After pouring 
into 1 L of water and filtering, the precipitates DDSQ-HBA were ob
tained. The synthesis of DDSQ-BZ(II) was synthesized from a mixture of 
DDSQ-HBA (0.8 g, 0.5 mmol), 1,4-dioxane (50 mL), paraformaldehyde 
(0.07 g, 2.33 mmol), and ethanol (25 mL) were stirred at 90 ◦C for 24 hr. 
The blend was washed with 1 N sodium hydroxide solution three times 
and then removed the solvent via vacuum distillation. After drying, the 
yellow powder was obtained (yield: 82 %). FTIR (KBr, cm− 1): 1132 (Si- 

O-Si), 946 (oxazine ring). 1H NMR (500 MHz, CHCl3-d, δ, ppm): 5.37 
(OCH2N), 4.63 (ArCH2N).

2.6. Synthesis of 3-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazine-6- 
carbaldehyde (CHO-BZ) monomer

Aniline (2.0 g, 0.02 mol) and paraformaldehyde (1.29 g, 0.04 mol) 
were dissolved in toluene at 80 ◦C for 2 hr in a round-bottom flask. Then, 
p-hydroxybenzaldehyde (2.62 g, 0.02 mol) was added and the system 
was refluxed for another 5 hr. The resulting solution was extracted with 
1  N sodium hydroxide and dried over anhydrous MgSO4. The organic 
layer was recrystallized from toluene to obtain a white crystal powder 
(yield: 88 %). FTIR (KBr, cm− 1): 2845 and 2745 (H-C=O), 1682 (C=O), 
948 (oxazine ring). 1H NMR (500 MHz, CHCl3-d, δ, ppm): 9.83 (H-C=O), 
5.45 (OCH2N), 4.69 (ArCH2N).

2.7. Synthesis of DDSQ-BZ (III) monomer from DDSQ-NH2 and CHO-BZ 
by Schiff-base reaction

Ethanol (20 mL), DDSQ-NH2 (0.5 g, 0.36 mmol), and CHO-BZ (0.22 
g, 0.92 mmol) were refluxed at 75 ◦C for 24 h. The product was filtered, 
washed with ethanol, and dried, yielding a yellow solid (yield: 91 %). 
FTIR (KBr, cm− 1): 3089, 1270, 1136, 961 (oxazine ring). 1H NMR (500 
MHz, CHCl3-d, δ, ppm): 8.32 (H-C=N), 5.45 (OCH2N), 4.68 (ArCH2N).

Fig. 2. (a) FTIR and (b) 1H NMR spectra of DDSQ-NH2 and DDSQ-BZ (I) monomer.
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2.8. Thermal polymerization of DDSQ-BZ (III) monomers

DDSQ-BZ (III) monomers placed in an aluminum pan were heated in 
steps at the specified temperatures for 2 h each 150, 180, 210, 240, and 
270 ◦C in a vacuum oven to obtain DDSQ-PBZ a dark red color.

3. Results and Discussion

3.1. Synthesis of DDSQ-NH2 diamine monomer

The synthesis of DDSQ-NH2 was summarized in Scheme 1 from 
phenyltrimethoxysilane as a starting material, then prepared the double- 
decker silsesquioxane-Na (DD-Na) by sol–gel reaction in a basic medium 
and finally use corner capping method with ethylenedichlorosilane to 
form the DDSQ-CH=CH2 monomer. The DDSQ-NH2 was obtained from 
DDSQ-CH=CH2 with 4-bromoaniline by using the Heck reaction. The 
corresponding chemical structures of DDSQ-CH=CH2 and DDSQ-NH2 
were identified by using FTIR and 1H NMR spectroscopy as displayed in 
Fig. 1. For example, Fig. 1(a) shows the FTIR spectra of DDSQ-CH=CH2 
and DDSQ-NH2, where a strong absorption at ca. 1132 cm− 1 was due to 
the Si-O-Si unit and the Si-CH3 group was located at 1260 cm− 1, which 
are typical features for the absorption of DDSQ derivatives [72–74]. 
Furthermore, the Si-CH=CH2 double bond signal had appeared at 1605 
cm− 1 for pure DDSQ-CH=CH2 monomer. Notably, the signals at 3466 
and 3395 cm− 1, characteristic of DDSQ-NH2, appeared after heck re
action with 4-bromoaniline, corresponding to asymmetric and sym
metric NH absorption, respectively, indicating the effective synthesis of 
DDSQ-NH2. Additionally, Fig. 1(b) presents the 1H NMR spectra of 
DDSQ-CH=CH2 and DDSQ-NH2, showing the Si-CH3 signal at 0.37 ppm, 
and the aromatic protons were found at 7.56–7.17 ppm for both DDSQ 
compounds. The signal of Si-CH=CH2 units of DDSQ-CH=CH2 mono
mers was found at 6.20 and 5.92 ppm and the integral ratio was 1:2 as 
expected. After the Heck reaction, the ratio was changed to 1:1 as ex
pected and the aromatic ring from 4-bromoaniline was observed at 7.07 
and 6.92 ppm. Most importantly, the NH2 group was clearly observed at 
3.72 ppm, also suggesting the successful formation of the DDSQ-NH2.

3.2. Synthesis of DDSQ-BZ (I) from DDSQ-NH2 monomer by One-Pot 
Mannich condensation

The one-pot Mannich condensation is the common and efficient 
approach for the preparation of benzoxazine from aromatic phenol, 
paraformaldehyde, and aliphatic/aromatic amine in a single step, 
leading to the formation of the benzoxazine ring. However, it did not 
consistently enable successful synthesis of benzoxazine resin due to the 
low selectivity, especially in diamine monomers. In the first study, we 
tried to synthesize our DDSQ-BZ (I) monomer through the one-pot 
Mannich condensation presented in Scheme 2(a) from DDSQ-NH2, 
phenol, and paraformaldehyde.

Fig. 2 shows their corresponding FTIR and 1H NMR spectroscopy, the 
NH2 units in FTIR (Fig. 2(a)) and 1H NMR spectra (Fig. 2(b)) both dis
appeared; however, it did not observe the benzoxazine ring absorption 
or chemical shift and the related triazine unit was found at ca. 4.86 ppm, 
indicating the synthesis of DDSQ-BZ (I) is not successful by using one-pot 
Mannich condensation based on our DDSQ-NH2 in this study.

3.3. DDSQ-BZ (II) from DDSQ-NH2 monomer by Three-Step 
synthesis

A three-step synthesis of the benzoxazine monomer from a diamine 
system was another typical approach by the formation of Schiff-base 
imine formation, reduction of the Schiff-base imine group, and the 
Mannich reaction. Scheme 2(b) displayed the formation of DDSQ-BZ (II) 
monomer from the DDSQ-NH2 with salicylaldehyde to provide DDSQ- 
Imine by the Schiff base reaction. In the second step, the imine (C=N) 
group was converted to an NH-CH2 unit through NaBH4 reduction to 
prepare the DDSQ-HBA compound. Finally, the DDSQ-BZ (II) monomer 
was synthesized via.

Mannich condensation with (CH2O)n in 1,4-dioxane at 90 ◦C, which 
is generally approached to prepare the multifunctional benzoxazine 
rings based on diamine, tri-amine or tetra-amine systems in our previous 
studies [78–83]. The FTIR spectrum of the DDSQ-NH2 [Fig. 3(a)] 
featured signals at 3466 and 3402 cm− 1 for NH2 stretching as mentioned 

Fig. 3. (a) FTIR and (b) 1H NMR spectra of DDSQ-NH2, DDSQ-Imine, DDSQ-HBA, and DDSQ-BZ (II) monomers.
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previously and the strong absorption at ca. 1132 cm− 1 was owing to the 
Si-O-Si unit and the Si-CH3 group was located at 1259 cm− 1, which were 
all observed for all DDSQ derivatives in this study. The FTIR spectrum of 
DDSQ-Imine possesses a broad peak at 3446 cm− 1 for OH unit and 1625 
cm− 1 for C=N unit. After reduction with NaBH4 to form DDSQ-HBA, the 
broad absorptions were observed at 3499, and 3415 cm− 1 owing to the 
OH and NH groups. Ultimately, following Mannich condensation with 
(CH2O)n to form DDSQ-BZ (II), a very small absorption peak was 
observed at 946 cm− 1 due to the oxazine unit.

Fig. 3(b) shows the corresponding 1H NMR spectra of each DDSQ 
compound. The NH2 group was observed at 3.72 ppm for the DDSQ- 
NH2, and this peak almost completely disappeared for DDSQ-Imine and 
the other signals were present at 9.90 and 8.61 ppm, corresponding to 
phenolic OH and H-C=N units, respectively. After reduction with NaBH4 
to form DDSQ-HBA, the signals at 4.42, 5.81, and 8.00 ppm because of 
its HNCH2, NH, and OH protons were observed, respectively. The 1H 
NMR spectrum of the DDSQ-BZ (II) monomer featured the signal at 5.37 
ppm (OCH2N) and 4.63 ppm (ArCH2N), indicating the formation of an 
oxazine ring. Consequently, we understood that the formation of the 
oxazine ring of DDSQ-BZ (II) was obtained from the DDSQ-NH2 by three- 
step synthesis based on FTIR and NMR spectroscopy analyses. However, 
we observed that the aromatic protons in Fig. 3(b) and the Si-O-Si unit in 
Fig. 3(a) become very broad reductions with NaBH4 to form DDSQ-HBA 
and DDSQ-BZ (II). Since POSS could exist in a fully closed condensed or 
partially hydrolyzed open cage structure NaBH4 is commonly used for 
reducing the C=O unit or breaking Si-O-Si bond in silsesquioxanes under 
certain conditions [84]. Fig. 4 presents the 29Si NMR spectra of DDSQ- 
NH2 and DDSQ-HBA to further confirm the possible open cage structure, 
in the spectrum of DDSQ-NH2, the O2-Si-CH3(CH=CH2) resonance ap
pears at − 31.84 ppm, while the O3-Si-Ph signals are detected at − 78.87 
and − 80.01 ppm, indicating the varied surroundings of Si atoms within 
the DDSQ-NH2 framework [Fig. 4(a)]. Furthermore, Fig. 4(b) shows the 
29Si NMR spectrum of DDSQ-HBA, there are many new signals observed 
such as − 79.47, − 64.97, − 54.64, − 29.92 ppm, indicating the possible 
Si-OH and Si-H functional groups may occur, leading to an open-cage 
POSS structure and it is usually for further functionalization or graft
ing reaction in polymer/POSS nanocomposites [84].

To confirm the chemical structure of open-cage POSS structure from 
NaBH4 reduction, we also prepare the 2,2′-((1E,1′E)-((oxybis(4,1-phe
nylene))bis(azaneylylidene))bis(methaneylylidene)) diphenol (ODA- 
Imine) and 2,2′-(((oxybis(4,1-phenylene))bis(azanediyl))bis(methy
lene))diphenol (ODA-HBA) model compound from 4,4-oxydianiline 
(ODA) as shown in Scheme S1. Only the NaBH4 agent could have the 
reduction reaction where the C=N unit at 1621 cm− 1 of ODA-Imine was 
transformed into NH unit at 3260 cm− 1 of HBA compound by FTIR 

analyses as shown in Fig. S1. In addition, we also used a typical model 
DDSQ cage structure under reduction with NaBH4, and Fig. S2 shows 
their corresponding FTIR spectra recorded at room temperature. The 
open-cage POSS was also observed since the Si-O-Si unit also became 
very broad under reduction with NaBH4. Based on FTIR and NMR 
spectroscopy analyses, we can confirm that the benzoxazine ring was 
obtained; however, the open-cage POSS structure was observed under 
reduction with NaBH4 and thus the synthesis of pure DDSQ-BZ (II) is also 
not successful by three-step pathway based on our DDSQ-NH2 in this 
study.

3.4. DDSQ-BZ (III) monomer from DDSQ-NH2 and CHO-BZ by Schiff- 
base reaction

To maintain the fully closed condensed DDSQ structure, the NaBH4 
reduction could not be used for the synthesis of the DDSQ-BZ (II) com
pound. Herein, we proposed another pathway to synthesize DDSQ-BZ 
(III) monomer from DDSQ-NH2 and CHO-BZ by Schiff-base reaction as 
shown in Scheme 3. Firstly, we synthesized CHO-BZ monomer from p- 
hydroxybenzaldehyde, aniline, and paraformaldehyde by using Man
nich condensation as displayed in Scheme 3(a). Fig. 5(a) shows the FTIR 
spectrum of CHO-BZ monomer where the feature signals for C=O at 
1682 cm− 1, aldehyde CH at 2745 cm− 1 and 2845 cm− 1, and oxazine ring 
at 948 cm− 1 [85,86]. Fig. 5(b) shows the corresponding 1H NMR spec
trum of CHO-BZ monomer. The peaks corresponding to the aromatic 
hydrogen atoms appeared at 7.65–6.90 ppm, the CHO proton observed 
at 9.83 ppm, and the featured signals at 4.69 and 5.45 ppm due to 
ArCH2N and OCH2N units, respectively. The DSC spectrum of the CHO- 
BZ revealed a melting point at 103 ◦C and a distinct exothermic poly
merization peak at 256 ◦C with an enthalpy of 391.3 J g− 1, as displayed 
in Fig. 5(c), indicating the high purity of this benzoxazine monomer. 
Furthermore, the CHO-BZ monomer of TGA analysis (Fig. 5(d)) 
exhibited a Td10 of 231 ◦C close to the thermal ring-opening polymeri
zation (ROP) peak and the char yield of 49.3 wt%. Based on FTIR, NMR, 
DSC, and TGA analyses, it supports the production of the CHO-BZ. 
Finally, we constructed the DDSQ-BZ (III) from DDSQ-NH2 and CHO- 
BZ by Schiff-base reaction in absolute ethanol at 75 ◦C for 24 h as 
shown in Scheme 3(b).

The existence of a fully closed condensed cage DDSQ structure and 
the oxazine ring in DDSQ-BZ (III) was characterized by using spectros
copy instruments [FTIR and NMR] as shown in Fig. 6. After the Schiff- 

Fig. 4. 29Si NMR spectra of (a) DDSQ-NH2 and (b) DDSQ-HBA monomer.

Scheme 3. (a) The synthesis of CHO-BZ monomer by using one-pot Mannich 
condensation and (b) the synthesis of DDSQ-BZ (III) monomer using DDSQ-NH2 
and CHO-BZ by Schiff-base reaction.
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base reaction, the disappearance of the aldehyde group (C=O at 1682 
cm− 1 and aldehyde CH at 2745 and 2845 cm− 1), along with the 
appearance of the oxazine ring at 961 cm− 1. Most importantly, the Si-O- 
Si unit at 1136 cm− 1 had maintained a sharp absorption for DDSQ-BZ 
(III) monomer by FTIR analyses as shown in Fig. 6(a). This finding 
was also confirmed by the 1H NMR spectrum of DDSQ-BZ (III) as 

displayed in Fig. 6(b). The signal for the CHO proton at 9.83 ppm from 
CHO-BZ was almost completely disappeared and a new imine (H-C=N) 
bond was observed at 8.31 ppm for the DDSQ-BZ (III) monomer. 
Furthermore, two distinct signals at 4.68 ppm and 5.45 ppm were also 
observed due to the ArCH2N and OCH2N units of the oxazine ring. Also, 
the aromatic protons of the DDSQ-BZ (III) monomer remained the sharp 

Fig. 5. (a) FTIR, (b) 1H NMR, (c) DSC, and (d) TGA analyses of CHO-BZ monomer.

Fig. 6. (a) FTIR and (b) 1H NMR spectra of CHO-BZ, DDSQ-NH2, and DDSQ-BZ (III) monomer.
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Fig. 7. (a) DSC, (b) FTIR, (c) TGA analyses of DDSQ-BZ (III) under thermal ROP at various temperatures, and (d) the possible thermal ROP behavior and the chemical 
structures change.

Fig. 8. (a) TEM, (b) SEM, (c-f) EDX analyses of (c) C-, (d) N-, (e) O-, and (f) Si-mapping of DDSQ-BZ (III) after thermal ROP.
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peaks, suggesting the fully closed condensed cage DDSQ structure. These 
results collectively could confirm the successful construction of the 
DDSQ-BZ (III) monomer featuring the fully closed condensed cage DDSQ 
structure and oxazine ring simultaneously following the Schiff-base re
action in this study.

3.5. Thermal polymerization of DDSQ-BZ (III) monomer

Fig. 7(a) shows that DSC analyses of the DDSQ-BZ (III) showed the 
thermal ROP peak at 254 ◦C with the heat of enthalpy of 12.7 J g− 1. The 
thermal ROP peak becomes broad, and enthalpy is similar to CHO-BZ by 
considering the molecular weight of DDSQ-BZ (III) as expected. After 
thermal ROP of the DDSQ-BZ (III) monomer at 150 and 180 ◦C, with the 
thermal enthalpy of 10.1 and 9.2 J g− 1, respectively. The absence of 
oxazine ring in the DDSQ-BZ (III) was observed after thermal ROP at 
210 ◦C for 2 h. Furthermore, Fig. 7(b) displayed FTIR data at diverse 
thermal ROP temperatures from 25 to 270 ◦C to investigate the thermal 
ROP of the DDSQ-BZ (III) monomer. The absorption intensity of the peak 
at 961 cm− 1 was decreased upon increasing ROP temperature [Fig. S3] 
and disappeared at 210 ◦C, implying complete ROP. The remaining Si-O- 
Si unit at 1133 cm− 1 after thermal ROP suggests the complete closed full 
cage structure of the DDSQ derivative. We also employed TGA thermal 
analyses to understand the thermal stability of the DDSQ-BZ (III) at 
distinct ROP temperatures as displayed in Fig. 7(c). The pure DDSQ-BZ 
(III) monomer possesses very high heat resistance of Td5 value of 475 ◦C, 
Td10 value of 600 ◦C, and char yield of 77.1 wt%, which are significantly 
higher than CHO-BZ monomer because of rigid inorganic DDSQ cage 
structure [60,87,88]. The thermal degradation temperature (Td5, Td10) 
and char yield of the DDSQ-BZ (III) after ROP [270 ◦C] were signifi
cantly raised to 593 ◦C, 644 ◦C, and 82.8 wt%, respectively. As far as we 
know, thermal degradation temperatures and char yield are the highest 
values of benzoxazine monomer and polybenzoxazine resin. For 
example, the typical Pa-type PBZ with Td5 = 340 ◦C and the char yield is 
only 35 wt% [72–74] after thermal ROP even its thermal ROP peak at 
263 ◦C. We also used the thermal aging test by the TGA analyses for pure 
CHO-BZ and DDSQ-BZ (III) monomers as shown in Fig. S4. The tem
perature was held at 250 ◦C for 1 day, the data were analyzed to un
derstand the thermal stability of both benzoxazine monomers. The result 
indicates that the DDSQ-BZ (III) monomer displayed much higher char 
yield (97.88 wt%) and heat resistance as compared with pure CHO-BZ 
monomer after thermal ROP (96.08 wt%).

As a result, the incorporation of DDSQ into PBZ could enhance its 
thermal stability and char yield because of the silica-cage structure, 
which is usually highly thermal stable and resists decomposition at high 
temperatures and the possible chemical structure and mechanism was 
summarized in Fig. 7(d). In addition, the rigid cage structure of DDSQ 

limits the mobility of the polymer chain and thus slows down thermal 
decomposition further, the DDSQ undergoes oxidation could form the 
silica-rich char, which could act as the protective barrier for the increase 
of char yield. Also, the vinyl double bond (C=C) and imine (C=N) bond 
could provide the extra cross-linking density that may also increase the 
heat resistance of DDSQ-BZ (III) after thermal ROP. The dispersion of the 
DDSQ cage structure in polybenzoxazine could be characterized by 
using TEM, SEM, and energy dispersive X-ray spectroscopy (EDX) ana
lyses as shown in Fig. 8. Fig. 8(a) and 8(b) displayed the TEM and SEM 
images of the DDSQ-BZ (III) monomer after thermal ROP, revealing that 
the DDSQ cage structures are homogeneously dispersed and there is no 
discernible phase separation within the PBZ matrix [88–90]. Fig. 8(c)-8 
(f) showed C, N, O, and Si-mapping of DDSQ-BZ (III) after thermal ROP 
and also suggested that the DDSQ cage was dispersed uniformly on the 
surface.

Since the DDSQ-BZ (III) monomer after thermal ROP has high ther
mal stability, it could form the microporous carbon/silica material with 
a high surface area and thus the DDSQ-BZ (III) monomer was placed in a 
tubular furnace at 600 ◦C under N2 atmosphere. Fig. 9(a) shows the TGA 
analyses of poly(DDSQ-BZ) (III) and its corresponding microporous 
carbon/silica material. Clearly, the Td5 and char yield values signifi
cantly increased to higher than 800 ◦C and 95.8 wt%. As illustrated in 
Fig. 9(b), the porosity characteristics of this microporous carbon/silica 
material were assessed using N2 adsorption/desorption isothermal 
studies at 77 K. According to the IUPAC classification, the results 
showed type I isotherms. Since it had the sharp N2 uptake at a relatively 
lower pressure (P/P0), due to the presence of micropore characteristics 
resulting from the carbonization process [91] the framework exhibited 
SBET surface area of 707 m2 g− 1. We could expect that this microporous 
carbon/silica material may have some potential applications in energy 
storage, and gas capture or storage.

4. Conclusions

This study has prepared a new DDSQ-based benzoxazine monomer, 
focusing on its enhanced heat resistance and potential applications in 
high-performance materials. The integration of diamine-functionalized 
DDSQ cage structures into benzoxazine resin has demonstrated prom
ising improvements over traditional benzoxazine formulations. One-pot 
Mannich condensation (DDSQ-BZ (I)) and three-step synthesis (DDSQ- 
BZ (II)) based on diamine DDSQ (DDSQ-NH2) compound, were explored 
but proved unsuccessful due to low selectivity and DDSQ structural 
degradation. The DDSQ-BZ (III) was only successfully synthesized 
through a Schiff-base reaction between DDSQ-NH2 and CHO-BZ, main
taining the fully closed-cage DDSQ structure and the formation of the 
benzoxazine ring. After thermal ROP, the DDSQ-BZ (III) exhibited 

Fig. 9. (a) TGA analyses of DDSQ-BZ (III) after thermal ROP and carbonization at 600 ◦C and (b) N2 adsorption/desorption isothermal analyses at 77 K.
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outstanding and record-high thermal stability, with Td5 = 593 ◦C, Td10 
= 644 ◦C, and char yield of 82.8 wt% because of the homogeneous 
dispersion of inorganic DDSQ cage structure within the benzoxazine 
matrix, ensuring enhanced heat resistance. In addition, the formation of 
microporous carbon/silica material with a high surface area of 707 m2 

g− 1 after thermal treatment at 600 ◦C under N2 atmosphere. In conclu
sion, this study contributes to the ongoing development of high- 
performance benzoxazine resins by demonstrating the feasibility and 
benefits of diamine-functionalized DDSQ incorporation, which are 
critical for applications in advanced composites, aerospace materials, 
and electronic packaging because of their potential in superior thermal, 
mechanical, and flame-resistant properties.
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