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ARTICLE INFO ABSTRACT

Keywords: Porous organic polymers (POPs) with three-dimensional (3D) linkages have drawn great interest due to their
TetraPheﬁylmethane potential applications in separation, adsorption, and sensing fields. Herein, a new 3D benzoxazine (BZ)-linked
Benzoxazine porous organic polymer (TPM-BZ-Py POP) was synthesized by linking a tetrahedral benzoxazine (TPM-BZ-Bry)
Polybenzoxazine

with tetraethynylpyrene (Py-T) via Sonogashira coupling. Specifically, the synthesis of the tetrahedral benzox-
azines with four oxazine rings in a single monomer involved the utilization of Schiff base formation, NaBH4
reduction as well as Mannich condensation reactions. To confirm the chemical structure of the benzoxazine
monomers and their corresponding polybenzoxazines, Fourier transform infrared (FTIR), proton nuclear mag-
netic resonance (‘H NMR), and carbon nuclear magnetic resonance (}3C NMR) spectroscopy techniques were
employed. The pore volume and specific surface area of the 3D TPM-BZ-Py POP were determined through Ny
adsorption/desorption isotherms, and they were found to be 0.52 cm®/g and 185 m?/g, respectively. In addition,
the solid-state chemical transformation occurred during thermal ring-opening polymerization (ROP), and the
resulting 3D poly(TPM-BZ-Py) POP displayed higher CO5 capture ability (1.81 mmol/g) compared with TPM-BZ-
Py POP (0.60 mmol/g) at room temperature. Such enhancement observed in poly(TPM-BZ-Py) POP was pro-
posed to be caused by the formation of phenolic units and Mannich bridges within the polymer network by taking
into consideration the structural transformation during the ring-opening polymerization (ROP). The function-
alities in poly(TPM-BZ-Py) have great potential to interact with CO, molecules through strong intermolecular
hydrogen bonding or acid/base interactions, which further supports the benefit of incorporating oxazine rings
into POP frameworks.

Thermal ring-opening polymerization
Porous organic polymers
CO, uptake

bonds such as imine, hydrazine, imide, triazine, and boroxine units
[13-22]. For example, our group has developed various CMPs using

1. Introduction

Porous organic polymers (POPs) possessing pores and large specific
surface areas, such as conjugated microporous polymers (CMPs) and
covalent organic frameworks (COFs), have been extensively explored for
a wide range of applications. These include gas capture/separation,
hydrogen evolution, energy storage, chemical sensing, and photo-
catalysis [1-12]. In the synthesis of POPs, various organic reactions,
including Schiff base, Yamamoto, Sonogashira, Suzuki, and Friedel
couplings, have been widely employed to introduce different covalent

building blocks such as pyrene (Py), tetraphenylethylene (TPE), and
triphenylamine (TPA) through Schiff base, Suzuki and Sonogashir-
a-Hagihara cross-couplings [23-38]. These CMPs have displayed
promising performance in applications such as Hy production, energy
storage, and CO, capture, and these diverse synthesized strategies and
the combination of various building blocks allow us to tailor the thermal
and optoelectronic properties of the resulting POPs for potential appli-
cations [23-38].
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The incorporation of special chemical functionalities into the
frameworks of POPs could significantly affect their surface properties
and surface areas for their further applications. For instance, imine-
linked POPs have been shown to convert transformation into the qui-
nolone, oxazole, amine/amide, and thiazole functional groups [39-44].
In addition, Yaghi et al. also proposed that the imine-COF could transfer
into the thiocarbamate and carbamate-linked COFs featuring higher
surface area through multistep solid-state chemical transformation
procedures [45]. Furthermore, Ma et al. have utilized the imine-COF to
achieve the high surface area of benzoxazine-linked COF (>650 mz/g)
through reduction and Mannich reactions with benzyl aldehyde or CH;0
[46].

Benzoxazines represent a new type of thermosetting material that
could form inter- and intramolecular hydrogen bonding after thermal
curing of oxazine units without adding any curing agent or catalyst,
which are widely used for low-dielectric materials, aerospace, and
coatings [47-65]. In general, benzoxazine monomers can be prepared by
using aromatic phenols, primary amines, and CH20 through the Man-
nich reaction, and the synthesis of benzoxazine-linked POPs has also
been proposed featuring high surface areas recently [29,31,36]. These
advantages of functionality incorporation and surface area modulation
are able to contribute to expanding the possibility for tailored applica-
tions. For example, we designed a nitrile-functionalized benzoxazine
from 1,3,5-tris(4-aminophenoxy)benzene and 4-cyanophenol with
CH50, which exhibited the high surface areas to form triazine frame-
works during cyclotrimerization [64]. On the other hand, we also pro-
posed a benzoxazine-linked POP that displayed a relatively lower
surface area (ca. 72 m2/g) [65]. In another study, Tan et al. used one-
step Mannich reaction to synthesize three different types of
benzoxazine-linked POPs from triphenol, and CH,0 with three different
amines with surface areas exceeding 230 m%/g [66]. We further
expanded the scope of benzoxazine-linked POPs by synthesizing various
derivatives featuring a high surface area (>320 mz/g) through Sono-
gashira-Hagihara coupling from different kinds of brominated benzox-
azine derivatives with various ethynyl functionalized building blocks.
However, these previously reported investigations were all two-
dimensional (2D) benzoxazine-linked POPs, where the flat sheets were
typically stacked into the face-to-face model, resulting in strong n-r in-
teractions. In contrast, 3D POPs offer numerous open sites and pore
confinement effects, which could lead to enhanced catalysis and
adsorption efficiency. For example, Sun et al. synthesized two different
benzoxazine-linked POPs through brominated mono-benzoxazine de-
rivatives by using Sonogashira-Hagihara coupling with tetrahedral
silicone-core building bock, which reached a high surface area
exceeding 630 m?/g [67]. However, so far achieving 3D POPs starting
from tetrahedral benzoxazine has never been investigated.

In order to synthesize 3D BZ-linked POPs, we proposed using a
tetrahedral building block, tetra(p-aminophenyl)methane (TPM)
[68,69], which contains four amine units as the starting monomer. The
synthesis of the target brominated tetrahedral benzoxazine derivative,
TPM-BZ-Br4 monomer, involved three steps including Schiff base reac-
tion from TPM with 4-bromosalicylaldehyde, reduction with NaBH4 and
Mannich condensation with CHO. Finally, 3D BZ-linked POPs were
successfully achieved through Sonogashira coupling from TPM-BZ-Bry
with Py-T building blocks to provide 3D TPM-BZ-Py POP by using Pd
(PPhg3)4 as a catalyst and DMF/Et3N as a co-solvent for 3 days at 90 °C
under a Ny atmosphere. The newly obtained 3D TPM-BZ-Py POP could
possess the solid-state chemical transformation during thermal ROP to
form phenolic OH units and Mannich bridges, which improve the CO,
capture ability. To the best of our knowledge, the current study provides
the first example of 3D benzoxazine-linked POP based on tetrahedral
benzoxazine. The rational design and synthesis of this type of 3D POP
with specific functionalities explore a new way to promote the devel-
opment of POPs.
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2. Experiment section
2.1. Materials

Salicylaldehyde (98 %), tetraphenylmethane (TPM, 97 %), acetic
anhydride (Ac20), acetic acid (AcOH), 4-bromosalicylaldehyde (97 %),
sodium borohydride (NaBHg4, 99 %), DMF, EtOH, DMAc, MeOH, trie-
thylamine (Et3N), tetrahydrofuran (THF), copper iodide (Cul, 98 %),
triphenylphosphine (PPhs, 99 %) and Pd(PPhs)4 (99.99 %) were bought
them from Sigma-Aldrich. The synthesis of 1,3,6,8-tetraethynylpyrene
(Py-T) followed our previous method (Scheme S1) [70].

2.2. Tetra(p-aminophenyl)methane [TPM-4NH,]

To initiate the reaction, 3 g of TPM (9.36 mmole) were vigorously
stirred with 16.22 mL of fuming nitric acid at a temperature of 40 °C.
Following that, a mixture of 5.1 mL of AcyO and 10.14 mL of AcOH was
slowly added while continuing the agitation for 1 h. The resulting
product was a yellow solid, which was separated through filtration. The
yellow solid was further purified by recrystallization using THEF,
resulting in the formation of yellow crystals (TPM-4NO5). A solution of
TPM-4NO; (2 g, 4 mmole) in 50 mL of THF was prepared. 10 wt% of Pd/
C was introduced into the solution. The resulting mixture was subjected
to purging with Ny and H; gases. Following three days of stirring under
H; gas pressure at room temperature, the reaction mixture was filtered
using celite to separate the Pd/C powder. After the Pd/C powder was
removed, TPM-4NH; was obtained as a white powder from the filtrate
(Scheme S2).

2.3. TPM-SB

TPM-4NH; (0.8 g, 2.1 mmol), salicylaldehyde (0.879 mlL, 10.5
mmol), and absolute EtOH (75 mL) were added to a 150 mL round flask.
The solution combination was refluxed for 24 h at a temperature of 75 to
80 °C. It was filtered, then washed three times with EtOH before being
dried to produce a yellow solid. Yield: 91 %. FTIR: 3300 (OH), 3060
(C=C—H), 1570. 'H NMR (DMSO-ds, 500 MHz, 5, ppm): 13.0 (OH),
8.98 (N—=C—H), 7.63-7.22 (C—H aromatic protons). °C NMR
(DMSO-dg, 125 MHz, 5, ppm): § = 161.14 (N—C—H), 146.8-117.2
(aromatic carbons), 63.9 (quaternary carbon atom). High-resolution ES-
MS (m/2): caled for (Cs3H49N404), 796.93; found, 797.20 (Figure S1).

2.4. TPM-R

TPM-SB (1.50 g, 1.88 mmol), NaBH4 (0.854 g, 22.6 mmol), and
DMAc (10 mL) were added to the round flask (100 mL). The solution
mixture was stirred and kept at 25 °C for 24 h. The solution mixture was
put into a large amount of water (1 L) and then filtered, and a yellow
solid was obtained after washing 3 with water. Yield: 79 %. FTIR: 3410
(NH), 3300 (OH unit). '"H NMR (DMSO-ds, 500 MHz, 5, ppm): 5 = 8.30
(OH), 5.74 (NH), 7.20-6.42 (aromatic protons), 4.1 (HNCH,). 1°C NMR
(DMSO-dg, 125 MHz, 6, ppm): § = 156.05-111.50 (aromatic carbons),
61.5 (quaternary carbon atom), 41.9 (HNCHy). High-resolution ES-MS
(m/2): calcd for (Cs3H4gN4O4), 804.99; found, 805.30 (Figure S2).

2.5. TPM-BZ

Added a mixture of TPM-R (1 g, 1.24 mmol), CH,O (0.17 g, 5.6
mmol), 1,4-dioxane (DO, 80 mL) and EtOH (40 mL) to round flask (250
mL). The solution mixture was heated at 90 °C for 1 day. A rotary
evaporator was used to eliminate the solvent., added MeOH to filter, and
washed 3 times with MeOH. Then, a white solid was obtained. Yield: 97
%. FTIR: 1230, 944. 'H NMR (DMSO-dg, 500 MHz): 7.06-6.70, 5.36
(OCH,N), 4.57 (ArCHyN). 3C NMR (DMSO-de, 125 MHz, 5, ppm):
154.8-116.7 (aromatic carbons), 78.7 (OCH3N), 61.8 (Quaternary car-
bon atom), 48.8 (ArCHyN). High-resolution ES-MS (m/z): calcd for
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dioxane and DMSO-dg).
(Cs57H4gN404), 853.04; found, 853.3 (Figure S3).
2.6. TPM-SB-Bry

TPM-4NH, (1.00 g, 2.63 mmol), 4-bromosalicylaldehyde (2.11 g,
10.5 mmol), and absolute EtOH (80 mL) were added to the round flask.
The solution mixture was heated at 75 °C and refluxed for 24 h. The
solution mixture was filtered, then washed with absolute EtOH three
times and dried to obtain a yellow solid. Yield: 73 %. FTIR: 3340 (OH
unit), 3030, 1560 (C=N), 611(C-Br). H NMR (DMSO-dg, 500 MHz, 4,
ppm): 13.4 (OH group), 8.96 (N=C—H), 7.57-7.19. 3C NMR
(DMSO-dg, 125 MHz, §, ppm): 161.9 (N—C—H), 146.0-119.2 (aromatic
carbons), 63.4 (quaternary carbon atom). High-resolution ES-MS (m/z):
caled for (Cs3HseBrgN4O4), 1112.51; found, 1190.7 (Figure S4).

2.7. TPM-R-Bry

TPM-SB-Br4 (1.80 g, 1.6 mmol), NaBH4 (0.79 g, 2.0 mmol), and
DMAc (20 mL) were added to the round flask. Under the N5 atmosphere,
the solution mixture was agitated and held at 25 °C for one day. After
one day, the solution mixture was put into a large amount of water (1L)
and then filtered, and a yellow solid was obtained after washing with
H0. Yield: 52 %. FTIR: 3400 (NH), 3310. 'HNMR (DMSO-dg, 500 MHz,
S, ppm): 7.93 (OH), 5.79 (NH), 7.06-6.71 (aromatic protons), 4.07
(HNCH,). °C NMR (DMSO-ds, 125 MHz, 5, ppm): 157.9-111.5

(aromatic carbons), 61.37 (quaternary carbon atom), 41.9 (HNCH3). HR
ES-MS (m/2z): caled for (Cs3H44BrgN4O4), 1120.58; found, 1120.9
(Figure S5).

2.8. TPM-BZ-Bry

TPM-R-Brs (0.85 g, 0.76 mmol), CH>O (0.10 g, 3.3 mmol), 1,4-
dioxane (DO, 80 mL) and EtOH (40 mL) were added to a round flask
(250 mL) and stirred together for 1 day at 90-100 °C. A rotary evapo-
rator was used to eliminate the solvent, added MeOH to filter, and
washed 3 times with MeOH. Then, a white solid was obtained. Yield:
81.8 %. FTIR: 1230, 944. H NMR (500 MHz, 6, ppm): 7.01-6.91, 5.39
(OCH,N), 4.55 (ArCH,N). '3C NMR (DMSO-ds, 125 M Hz, 5, ppm):
155.8-116.9 (aromatic carbons), 79.1 (OCHyN), 61.89 (quaternary
carbon atom), 48.4 (ArCH;N). HR ES-MS (m/z): caled for
(Cs57H44BrsN404), 1168.62; found, 1168.80 (Figure S6).

2.9. Three-dimensional (3D) TPM-BZ-Py POP

A solution of TPM-BZ-Br4 (200 mg), Py-T (40 mg), Cul (7 mg), PPhg
(7 mg,), Pd(PPh3)4 (50 mg), DMF (7 mL), and EtsN (7 mL) were added to
round flask (25 mL) and stirred together for 3 days at 90 °C under Ny
atmosphere. After filtration, it was washed with MeOH, Acetone, and
THF, then dried to obtain a white powder of TPM-BZ-Py POP. Yield: 60
%.
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2.10. Thermal polymerization of TPM-BZ, TPM-BZ-Br4 Monomers, and
TPM-BZ-Py POP

TPM-BZ, TPM-BZ-Bry, and TPM-BZ-Py POP underwent thermal
polymerization at the following temperatures for 2 h each: 100, 150,
180, 210, and 270 °C to obtain poly(TPM-BZ), poly(TPM-BZ-Br4) and
poly(TPM-BZ-Py) POP.

3. Results and discussion
3.1. Synthesis of the TPM-BZ monomer

Fig. 1(a) presents the reaction steps for TPM-BZ, which is designed as
the model compound from TPM-4NH,, and its corresponding synthesis
involves three main steps. Firstly, TPM-4NH, was reacted with salicy-
laldehyde to obtain TPM-SB through a Schiff base reaction. Secondly,
TPM-R was obtained through the NaBH4-mediated reduction step,
which converted the imine functionality in TPM-SB to the TPM-B.
Finally, the Mannich condensation was performed with CH2O in 1,4
dioxane/EtOH at 90 °C for 1 day to yield the TPM-BZ monomer under
the protection of an Ny atmosphere. Fig. 1(b) shows the FTIR spectra of
the TPM-4NH; monomer featuring the absorption peaks for NHy and
C=C—H units at 3400, 3170, and 3030 cm ™, respectively. Besides, the
FTIR spectrum of fTPM-SB displays the absorption peaks for OH,

C=C—H, and C=N units at 3300, 3060, and 1570 cm ™!, respectively;
however, the signals for the NH, unit at 3400 and 3170 cm™! were
disappeared after Schiff base reaction. After reduction to form TPM-R,
the band of G=N unit at 1570 cm™! was disappeared, leaving only
NH (3410 cm™ 1) and OH (3300 cm™1) absorptions. The new absorption
bands, which represent the C-O-C and oxazine rings, were finally seen at
1230 and 944 cm ™ following Mannich condensation to create TPM-BZ.
The observed changes and shifts in FTIR analyses provide evidence of
the formation of TPM-BZ. The 'H NMR spectra as shown in Fig. 1(c) of
the TPM-4NH, monomer contain featured signals for aromatic protons
and NHj at 7.81-7.44 and 7.26 ppm, respectively. Upon the Schiff base
was formed, the signal corresponding to the NHy unit in TPM-SB was
disappeared, while new signals were appeared at 13.0, 8.98, and
7.63-7.22 ppm, representing phenolic OH, N—C-H, and aromatic pro-
tons, respectively. After the reduction reaction of TPM-SB and the for-
mation of TPM-R, the signal for N—C—H units at 8.98 ppm was
vanished, featuring peaks for the OH, NH, and aromatic protons at 8.30,
5.74, and 7.20-6.42 ppm, respectively, and a new signal was also
observed at 4.1 ppm for the HNCH; unit. Finally, after the Mannich
condensation, the 'H NMR spectrum of the TPM-BZ monomer had peaks
at 7.06-6.70, 5.36, and 4.57 ppm, due to aromatic protons, OCH;N, and
ArCHyN, respectively. The ratio of the signals of 5.36 ppm (¢, OCH3N)
and 4.57 ppm (d, ArCH;N) to the protons of the oxazine ring is 1:1, while
the signal of the HNCHy unit disappears completely in the TPM-BZ
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monomer. In addition, the 3¢ NMR spectrum (Fig. 1d) of the TPM-SB
contains signals at 161.1, 146.8-117.2, and 63.9 ppm, representing
the N—C—H, aromatic carbons, and quaternary carbon atom, respec-
tively. After reduction and TPM-R synthesis, the signal from the N—CH
group at 161.14 ppm vanished, and a new peak for the HNCH; unit
appeared at 41.9 ppm. Finally, TPM-BZ showed the signals at
54.8-116.7 (aromatic carbons), 78.7 (OCH3N), 61.8 (quaternary carbon
atom), and 48.8 ppm (ArCH;N) after Mannich condensation, while the
signal for the HNCH; units was disappeared at 41.9 ppm in TPB-BZ
monomer. We have confirmed the successful synthesis of TPM-BZ
monomer through FTIR and NMR analysis, and its purity has been
further supported by a high-resolution mass spectrum and experimental
molecular weight determination (Figure S3).

3.2. Synthesis of the TPM-BZ-Bry monomer

In order to obtain 3D POP with benzoxazine linkage, a novel
brominated tetrahedral benzoxazine (TPM-BZ-Bry) was designed and
synthesized. Fig. 2(a) displays the synthetic procedures of the TPM-BZ-
Br, monomer, which are identical to those of the TPM-BZ monomer and
also involve three main steps. Initially, we reacted TPM-4NH, with 4-
bromosalicylaldehyde to provide TPM-SB-Bry through a Schiff base
formation. Subsequently, the NaBH4-mediated reduction was employed
to obtain TPM-R-Bry. At last, the TPM-BZ-Br4 monomer was produced by
Mannich condensation with CH5O in 1,4 dioxane/EtOH mixture at
90-100 °C for 1 day. The FTIR spectra displayed in Fig. 2(b) of TPM-SB-

Bry show the absorption signals at 3340, 3030, 1560, and 611 em™ !,
representing the OH, C—=C—H, C=N, and C—Br functional groups,
respectively and the signals for the NH, group at 3400 and 3170 cm™*
was absent of TPM-4NH; resulting from Schiff base formation. Upon
reduction to form TPM-R-Bry, the single for the C=N unit at 1560 em™?
was vanished, leaving only the NH (3400 cm™ ) and OH (3310 cm ™)
absorptions. In addition, new absorption signals for the C-O-C and
oxazine rings were observed at 1230 and 944 cm™! after Mannich
condensation to form TPM-BZ-Br.

The 'H NMR pattern of the TPM-SB-Br4 monomer is shown in Fig. 2
(c). After the Schiff base formed in the TPM-4NH,, the signal for the NH,
unit at 7.26 ppm vanished; however, new signals emerged at different
chemical shifts including at 13.4, 8.96, and 7.57-7.19 ppm, representing
the OH, N—C—H, and aromatic protons, respectively. Upon reduction to
form TPM-R-Bry, the signal corresponding to N—C—H at 8.96 ppm was
longer present, with the new featured signals for the OH, NH, and aro-
matic protons at 7.93, 5.79, and 7.06-6.71 ppm, respectively. Addi-
tionally, a new signal

appeared at 4.07 ppm, which corresponds to the HNCH; unit.
Following the Mannich condensation, the profile of the TPM-BZ-Bry4
monomer displayed proton’s peaks at 7.01-6.91, 5.39, and 4.55 ppm,
representing the aromatic protons, OCHyN, and ArCH;N, respectively.
Notably, the signals at 5.39 ppm (¢, OCH,N) and 4.55 ppm (d, ArCH,N)
appeared in a 1:1 ratio, reflecting the presence of the oxazine ring
protons. Additionally, the peak corresponding to the HNCH; unit
completely vanished in the 'H spectrum. The 3C NMR spectrum (Fig. 2
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(d)) of the TPM-SB-Br4 featured the signals at 161.9, 146.0-119.2, and
63.4 ppm, representing the N—C—H, aromatic carbons, and quaternary
carbon atom, respectively. Upon reduction to form the TPM-R-Bry, the
signal corresponding to N—C—H at 161.9 ppm was disappeared in the
13C NMR spectrum. Instead, a new signal emerged at 41.9 ppm for the
HNCH;, unit. Finally, following the Mannich condensation, the **C NMR
spectrum of the TPM-BZ-Bry featured signals for aromatic carbons,
OCH3N, quaternary carbon atom, and ArCH,N at 155.8-116.9, 79.1,
61.89, and 48.4 ppm, respectively. Also, no signal was observed at 41.9
ppm, indicating the absence of the HNCHy unit from the TPM-R-Bry
monomer. The successful synthesis of the TPM-BZ-Br4 monomer has also
been confirmed by FTIR and NMR analysis. Moreover, the purity of the
synthesized compound of TPM-BZ-Bry4 is supported by a high-resolution
mass spectrum and experimental molecular weight determination
(Figure S6).

3.3. Thermal polymerization behavior of TPM-BZ and TPM-BZ-Bry
monomer

The thermal curing polymerization behavior of TPM-BZ and TPM-
BZ-Br4 monomer was investigated by using DSC, FTIR, and TGA ana-
lyses, which were conducted over a range of thermal polymerization
temperatures from 25 °C to 270 °C. Fig. 3a shows the DSC analysis of
TPM-BZ, which revealed a signal of thermal polymerization exotherm at
254 °C with an enthalpy of 302.7 J g~ 1. As the thermal curing temper-
ature increases, a signal of thermal polymerization exotherm was
decreased. At 270 °C for 2 h, the exothermic peak disappeared

completely, meaning the completion of thermal ring-opening polymer-
ization (ROP). This result was further confirmed by FTIR analyses (Fig. 3
(b)), where we focused on specific two bands of the oxazine ring at 944
and 1230 cm™!. The intensity of both signals declined from 25 °C to
210 °C as the thermal polymerization temperature rose. The signal for
the oxazine ring totally vanished after 2 h of heat polymerization at
270 °C, confirming the completion of the oxazine ring’s ROP, which is
consistent with the DSC results. In addition, the TGA analysis (Fig. 3c)
displays the thermal stability of the TPM-BZ monomer at various poly-
merization temperatures.

Fig. 3(d) illustrates the formation of a highly cross-linked 3D
network structure of poly(TPM-BZ) as indicated by the increase in char
yield and temperature at 10 % weight loss (T410). The uncured TPM-BZ
monomer exhibited a char yield of 50 wt% and Ty;¢ at 418 °C. However,
after thermal polymerization at 270 °C for 2 h, the T4;¢ value rose to
465 °C with a corresponding char yield of 61 wt%, suggesting the
development of a significantly stronger cross-linked network structure.

To further investigate the thermal polymerization behavior of the
TPM-BZ-Br4 monomer, comprehensive studies were conducted utilizing
DSC, FTIR, and TGA techniques. The DSC thermal analyses (Fig. 4a) of
the uncured TPM-BZ-Br4 monomer exhibited an exothermic peak at
236 °C with an enthalpy of 90.0 J g~ . Similar to the TPM-BZ monomer,
it can be observed that as the curing temperature increased, the enthalpy
of the exothermic curing peak gradually decreased, and when the tem-
perature reached 270 °C for 2 h, complete ROP resulted in the disap-
pearance of the curing peak. However, we could observe that the
enthalpy of TPM-BZ-Brs was lower than that of TPM-BZ because the



M. Gamal Mohamed et al.

European Polymer Journal 200 (2023) 112551

- Py-T
© -C=C-H TPM-BZ-Br,
t —— TPM-BZ-Py POP
0 @%jﬂb o0 ¢ C=<C
@ c O 0 CTC '
Il
Y . P
=0
Ry AP
OL0-Co—ct
@ R
3
i
X
OO T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
(c) (d) Wavenumber (cm™)
aromatic ring
236 °C
c=C . 90.0 J/g
c
2
o
a
o)
e)
=
b c w 303°C
a B 154.5 J/g
[T
aromatic ring §
a
c=c® | ¢ -
A/\‘A/W
T T T T T T T T
200 160 120 80 40 0 100 150 200 250 300 350

Chemical Shift (ppm.)

Temperature (°C)
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strong hydrogen bond donor nature of Br enhances the electron density
of nearby OH groups, which promotes the ability of the TPM-BZ-Bry4
monomer to open the oxazine ring. Therefore, the thermal polymeri-
zation was shifted from 254 °C to 236 °C and it absorbs less heat during
thermal polymerization compared to the TPM-BZ monomer. Fig. 4(b)
shows the FTIR spectra of the TPM-BZ-Bry at various temperatures.
Similar to TPM-BZ, we also could observe two signals representing the
oxazine ring at 944 and 1230 cm™~'. When the thermal polymerization
temperature reached 270 °C for 2 h, the signal of the oxazine ring also
disappeared, indicating ROP completely. The uncured TPM-BZ-Bry
monomer’s Tq;9 and char yield were 372 °C and 46 wt%, respectively,
according to Fig. 4(c). The T4;0 and char yield both rose to 389 °C and
50 wt%, respectively, after thermal ROP at 270 °C for 2 h. All of these
results point to the development of a poly(TPM-BZ-Brs) 3D network
structure that is extensively cross-linked, as seen in Fig. 4(d). The acti-
vation energies (E,) for TMP-BZ and TMP-BZ-Br, were determined to be
111.8 KJ/mol and 118.8 KJ/mol, respectively, using the Ozawa method.
Additionally, when employing the Kissinger method, the activation
energies for TMP-BZ and TMP-BZ-Br4 were found to be 108.7 KJ/mol
and 116.2 KJ/mol, respectively [Figure S7].

3.4. Synthesis, characterization, and thermal polymerization behavior of
the 3D TPM-BZ-Py POP

Fig. 5(a) illustrates our synthesis steps for 3D TPM-BZ-Py POP
through Sonogashira coupling from TPM-BZ-Br4 and Py-T monomers.

The reaction was carried out using Pd(PPhg)4 as a catalyst and DMF/
EtsN as a co-solvent for 3 days at 90 °C under a Ny atmosphere. We also
used FTIR, NMR, and DSC analyses to confirm the structure and inves-
tigate the polymerization of 3D TPM-BZ-Py POP. FTIR spectra as dis-
played in Fig. 5(b), allow us to identify the specific signals at 3280,
2198, and 1601 cm ™', which correspond to the C=C—H, C=C, and
C=C units, respectively, in the Py-T monomer. Similarly, the charac-
teristic signals could be observed in TPM-BZ-Bry4 as mentioned above
that corresponds to the C—O—C and the oxazine ring at 1230 and 944
em™!, respectively. After the Sonogashira coupling to from 3D TPM-BZ-
Py POP, The emergence of new signals at 2190, 1230, and 935 cm™!
indicated the presence of C=C stretching and the oxazine ring.
Furthermore, the absorption at 3280 cm~ !, which is associated with the
C—C—H unit of the Py-T monomer, was no longer observed, confirming
the completing Sonogashira coupling to form 3D TPM-BZ-Py POP. As
shown in NMR spectra (Fig. 5¢), the *C NMR spectrum in solution
displays signals for Py-T at 135.6-127.7, and 84.3 ppm, which corre-
spond to the aromatic and C=C carbons, respectively. The featured
signals of TPM-BZ-Br4 mentioned previously at 79.1, 61.9, and 48.4
ppm, representing the OCH;N, a quaternary carbon atom, and ArCH;,N,
respectively, were observed. Clearly, the solid-state 13C NMR spectrum
featured signals of 3D TPM-BZ-Py POP at 80.7, 62.9, and 48.7 ppm,
representing the OCH3N, a quaternary carbon atom, and ArCH3N,
respectively. In addition, the aromatic carbons were observed in the
range of 156.2 to 111.3 ppm, indicating the successful synthesis of 3D
TPM-BZ-Py POP. Finally, we could also observe that the thermal
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polymerization exothermic peaks from 236 °C significantly shifted to
303 °C, and the enthalpy from 90 J/g was significantly increased to 155
J/g. The utilization of Sonogashira coupling for the crosslinking
structure-imposed limitations on the ROP of the oxazine ring. As a result,
it became evident that the temperature of the exothermic peak for 3D
TPM-BZ-Py POP was significantly higher compared to that of the TPM-
BZ-Br, monomer. In addition, the higher enthalpy of 3D TPM-BZ-Py POP
suggests an increased number of thermal active units, such as benzox-
azine ring and triple bonds, after Sonogashira coupling. This effect may
lead to a higher crosslinking density being achieved through ROP.

We measured Ny adsorption/desorption isotherms at 77 K to deter-
mine the porosity of the 3D TPM-BZ-Py POP. Fig. 6(a) displays that the
adsorption of Ny by 3D TPM-BZ-Py POP is sharply increased at low
relative pressure (P/P, < 0.1), indicating a strong Van der Waals
interaction between TPM-BZ-Py POP and Nj. According to the definition
by IUPAC, the adsorption-desorption isotherm could be classified as a
Type IV isotherm. Based on the Brunauer-Emmett-Teller (BET) analysis,
the specific surface area of TPM-BZ-Py POP was measured to be 185 m?
g1 and the total pore volume was found to be 0.52 cm® g~1. We used the
non-local density functional theory (NLDFT) molecular dynamics
method to determine that the average pore size distribution ranges from
1.65 to 3.41 nm (Fig. 6(b)), indicating a pore size falls between micro-
pores and mesopores. Compared with previous BZ-linkage porous
polymers such as THPT-BZ-TAPT POP with a specific surface area of ca.
72 m? g~!, and CE-BZ-Py and CE-BZ-TPE POP with a specific surface
area of 11.9 and 33.5 m? g™, respectively, the specific surface of TPM-

BZ-Py POP is relatively higher. It is close to the fully BZ-linked TPA-BZ-
DHTP POP (195 m? g’l), but lower than some other 2D BZ-linked POPs
[29,31,36,66,67]. This suggests that 3D TPM-BZ-Py POP exhibited a
reasonable specific surface area considering its 3D structure, however,
until now, such a phenomenon has not been previously reported. TEM
and SEM images were used to observe the nanostructure of 3D TPM-BZ-
Py POP. Fig. 6(c) shows a TEM image displaying the disordered nature of
3D TPM-BZ-Py POP and the existence of irregular microporous struc-
tures. Additionally, the surface morphologies were visualized through
SEM images as shown in Fig. 6(d)-6(f), revealing the presence of irreg-
ular and interconnected spheres within the structure. The C, N, and O
mapping based on SEM analyses (Fig. 6(g)-6(i) show the distribution and
ratio of C, N, and O atoms in 3D TPM-BZ-Py POP.

Fig. 7(a) provides a schematic diagram illustrating the solid-state
chemical transformation of poly(TPM-BZ-Py) POP following the ther-
mal treatment of TPM-BZ-Py POP at 270 °C. After 3 h of thermal ROP at
270 °C, FTIR spectra (Fig. 7(b)) show the disappearance of signals rep-
resenting the oxazine ring was disappeared at 935 and 1230 cm™!. In
addition, a broad peak in the range of 3700-2400 cm™! indicates the
existence of large quantities of OH groups leading to intermolecular and
intramolecular hydrogen bonds [26,29,31,37]. The signal of the oxazine
ring in the solid-state 13C NMR spectrum (Fig. 7c) was also decreased at
80.7 ppm for OCH3N units (overlapped with C=C units) but totally
disappeared at 48.7 ppm for ArCH,N units. We used TGA analysis as
shown in Fig. 7(d) to investigate the Tq19 and char yield for uncured
TPM-BZ-Py POP, which were 377 °C and 41 wt%, respectively. After
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Fig. 8. (a, b) TEM images, (c, d, e) SEM images and (f, g, h) EDS images of C, N, O atoms of poly(TPM-BZ-Py) POP.

thermal ROP to form poly(TPM-BZ-Py) POP, which was significantly
increased to 442 °C and 46 wt%, respectively. All results verified the
formation of a highly 3D cross-linked structure of poly(TPM-BZ-Py) POP
through solid-state chemical transformation.

Similarly, in the TEM images (Fig. 8(a-b)) and SEM images (Fig. 8(c-

e)) after thermal ROP, we could find the presence of irregular and
disordered structures. The surface of poly(TPM-BZ-Py) POP may contain
a large number of phenolic OH groups and Mannich bridges. Further
analyses of the SEM images using the C, N, and O mapping (Fig. 8(f)-(h))
express based on SEM analysis confirmed the distribution of C, N, and O
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atoms throughout the poly(TPM-BZ-Py) POP, indicating their presence
in dispersed form.

3.5. CO; capture of the 3D TPM-BZ-Py POP

The thermal ROP of TPM-BZ-Py POP in the solid state has been
confirmed to undergo a one-step chemical transformation, resulting in
the formation of phenolic OH and the Mannich bridge units. These
newly formed functional units exhibit strong intermolecular interactions
with guest components. One interesting application of this concept is in
the field of CO capture, where TPM-BZ-Py POP could serve as a model
to investigate the changes during the solid-state chemical trans-
formation after thermal ROP since this material possesses high porosity
and excellent thermal stability. Since TPM-Py-BZ is a porous material, its
high specific surface area could effectively capture gases. Therefore, we
tested its ability to capture CO; through measured CO, capture experi-
ments at 298 K (Fig. 9a) and 273 K (Fig. 9b) at 1 bar. The results dis-
played that CO; capture amounts of TPM-Py-BZ POP were 0.60 mmol
g1 (2.64 wt%) at 298 K and 1.29 mmol g~! (7.96 wt%) at 273 K. After
undergoing thermal ROP to form poly(TPM-Py-BZ) POP, it was signifi-
cantly increased to 1.81 mmol g’1 (5.67 wt%) at 298 K and 2.15 mmol
g1 (9.46 wt%) at 273 K. The capability of the poly(TPM-Py-BZ) POP is
higher than that of the TPM-Py-BZ POP because the former polymeric
frameworks undergo a solid-state chemical transformation during the
ROP, and a large number of phenolic OH groups and N atoms would
appear, which could form strong hydrogen bonding through [OH---O=]
and acid-base interactions [N---O—C] to increase COy capability. The
CO capture capacity of our synthesized poly(TPM-Py-BZ) POP has a
higher value (2.15 mmol g ) compared with other previously published
structures [Table S1], such as Py-BSU CMP (1.45 mmol g’l) [70],
BOXPOP-1 (0.95 mmol g~ 1) [66], BPOP-1 (0.98 mmol g~ ) [67], BPOP-
2 (0.67 mmol g~1) [67], COF-8 (1.43 mmol g 1) [71], PTPA-3 (1.48
mmol g~1) [72] and TPA-DHTP-BZ POP (0.97 mmol g~1) [31] due to the
existence of large amounts of N and phenolic OH units, which signifi-
cantly enhance its CO, capture performance. Furthermore, we also
determined the isosteric adsorption heats (Qs) of the TPM-Py-BZ POP
and poly(TPM-Py-BZ) POP based on their CO, adsorption results at 298
and 273 K according to the Clausius—-Clapeyron equation. The Qst values
of the TPM-Py-BZ POP and poly(TPM-Py-BZ) POP were 18.99 and 21.37
kJ/mol at a low adsorption of CO5 (ca. 0.5 mmol/g), respectively. These
results indicate that the poly(TPM-Py-BZ) POP could have more strong
interaction with CO5 molecules compared with TPM-Py-BZ POP, also
suggesting the presence of significant N and phenolic OH units could
enhance its CO, capture performance after thermal ROP.

10

4. Conclusions

To conclude, we have successfully synthesized a novel 3D
benzoxazine-linked POP (TPM-BZ-Py) through a series of sequential
steps involving Schiff base formation, NaBH4 reduction, Mannich
condensation, and Sonogashira-Hagihara coupling reactions. The
structure characterization and the ROP behaviors were extensively
investigated using various techniques including DSC, TGA, FTIR, and
solid-state NMR analysis. By subjecting ROP via solid-state chemical
transformation, the resulting TPM-BZ-Py POP exhibited exceptional
thermal stability, characterized by a thermal decomposition tempera-
ture of 377 °C and a char yield of 41 wt%, which were notably enhanced
to 442 °C and 46 wt%, respectively. Moreover, the TPM-BZ-Py POP
displayed highly porous behavior, demonstrating a surface area of 185
m?/g and a total pore volume of 0.52 cm®/g. The obtained phenolic
units and Mannich bridges after solid-state chemical transformation of
poly(TPM-BZ-Py) POP exhibited better CO, capture ability due to the
strong intermolecular H-bonding and acid/base interaction with CO4
molecules. This work presents a new 3D BZ-linked POP featuring solid-
state transformation ability, making it highly promising for applications
in gas capture or separation.
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