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In this study, we employed nadic anhydride (ND), which was covalently bound to double-decker silses-
quioxane (DDSQ) by hydrosilylation. The terminal aromatic diamine was connected to DDSQ-ND by
maleic anhydride (MA) through a dehydration reaction to form DDSQ-bismaleimide (DDSQ-BMI) pro-
ducts. The values of thermal decomposition temperature (Ty4) and char yield were significantly increased
after thermal curing of DDSQ-BMI products as compared to pure BMI without the DDSQ inorganic cage.
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Among the various thermal curing procedures, DDSQ-MDA-BMI heated at 480 °C for 6 h possessed a
highly microporous structure with a significantly large surface area (826 m? g™) and displayed high CO»
gas storage and capture at 273 K under 1.0 bar (7.71 wt%). In addition, it displayed excellent specific

rsc.li/polymers capacitance (73.66 F g% and satisfactory capacitance retention (86.4%).
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Introduction

Porous organic polymers (POPs) integrate porous structures
and subsequently acquire unique properties that can be uti-
lized in various applications such as gas (CO, or H,) storage,
catalysis, removal of pollutants from air or water via adsorp-
tion, sensing, and drug delivery."° The advantage of POPs is
that by mediating the chemical structures of monomers or syn-
thetic methodologies, POPs can be produced with variable
pore size and volume, chemical functionality or surface
area.”™™ The various POPs are produced by synthetic
approaches that incorporate conjugated microporous polymers
(CMP), covalent organic frameworks (COF), covalent triazine
frameworks, and hyper-crosslinked polymers (HCP), and they
are constructed using imine, azine, imide and triazine
linkages.'®°

The conventional approach for synthesizing HCPs involves
Friedel-Crafts alkylation, albeit with the associated drawbacks
of environmentally unfriendly generation of harmful bypro-
ducts and use of volatile solvents.>'*> As a result, an alterna-
tive approach for HCP synthesis based on free radical polymer-
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ization using bismaleimide (BMI) derivatives has been investi-
gated with green and atom-economical procedures.** >
Bismaleimide can effectively decrease the generation of
harmful chemicals due to its additive reactions. With its acces-
sibility and low cost, it has recently displayed outstanding per-
formance in the industry.”®*” It is currently widely employed
in the fields of circuit boards, electronics, defense and
aerospace.

BMI monomers can form a three-dimensional network
through thermal cross-linking at high temperatures without
any initiator, which enables them to perform admirably in
terms of high-temperature resistance and high-strength.
However, unmodified BMI have some disadvantages, including
high melting point, high curing temperature and brittleness.
Extensive research has been performed to increase the hard-
ness of BMI through copolymerization or homopolymerization
with substances, such as cyanate esters, epoxy resins and aro-
matic amines, and a compromise is made between the
required mechanical properties and thermal resistance of the
modified BML>**°

There are also some challenges related to the stability of
POPs, which may limit their long-term use in certain appli-
cations, and thus, there have been numerous efforts to
increase their stability and optimize their properties.’*™* In
pursuit of improved thermal properties for BMI derivatives,
in our previous study, we proposed the incorporation of
inorganic nanoparticles such as double-decker-shaped
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polyhedral silsesquioxane (DDSQ).>* In polymer/DDSQ or
polymer/POSS hybrids,**™® there is high thermal stability
because of their intrinsic inorganic cage structure, which can
increase the thermal decomposition temperatures of BMI
resins using physical dispersion or chemical covalent bonding.

In this study, two distinct types of BMI-based DDSQ mono-
mers were synthesized through nadic anhydride (ND) and were
covalently linked with double-decker silsesquioxane (DDSQ) by
hydrosilylation. Both ends of the aromatic diamine were
coupled with DDSQ-ND using maleic anhydride (MA) in separ-
ate reactions, resulting in the creation of DDSQ-bismaleimides
named DDSQ-MDA-BMI and DDSQ-MPD-BMI.

Following meticulous control over the thermal curing pro-
cedures, thermal treatment of DDSQ-MDA-BMI at 480 °C for
6 h resulted in a microporous structure formation with a sig-
nificantly large surface area (826 m” g™ '), satisfactory CO, gas
storage and capture performance at 273 K under 1.0 bar
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(7.71 wt%). DDSQ-MDA-BMI also displayed excellent specific
capacitance (73.66 F g~') and maintained satisfactory capaci-
tance retention (86.4%).

Experimental section

Materials

4,4-Diaminodiphenylmethane (MDA), m-phenylenediamine
(MPD), maleic anhydride (MA), acetic anhydride, N,N-diethyl-
ethanamine, toluene and acetone were purchased from Sigma-

Aldrich. DDSQ-ND was synthesized according to a previously
published procedure,34*35’42‘43

Synthesis of DDSQ-ND-MDA and DDSQ-ND-MPD

DDSQ-ND (5.9 g, 4 mmol) and excess MDA (4.8 g, 24 mmol) or
MPD (2.6 g, 24 mmol) were placed into a flask with a reflux

—— DDSQ (b)

DDSQ-ND Si-O-Si
=== DDSQ-ND-MDA
DDSQ-MDA-BMI
Si-H
Anhydride C=0
Imide C=0
NH,

__JLM C; WM

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

(d)

Aromatic Carbons

| Si-CH,

Aromatic Carbons

Anhydride C=0 Aliphatic Carbons

Aliphatic Carbons
Imide c=0 N i
J I L.I.l i 1

cd c=cba Aliphatic Carbons

T

200 150 100 50 0
Chemical Shift (ppm)

Fig. 1 (a) Synthesis of DDSQ-MDA-BMI from DDSQ, DDSQ-ND and DDSQ-ND-MDA, and each corresponding (b) FTIR, (c) *H NMR and (d) **C NMR

spectra.
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condenser. Toluene (60 mL) was added drop by drop, and the
solution was stirred, then heated to 105 °C for 48 h under a
blanket of N,. The solution was removed by rotary distillation
under vacuum. After it was placed in a vacuum oven, it was
heated at 180 °C for 36 h to obtain a brownish yellow or black
solid product, with a yield of 86% for DDSQ-ND-MDA and 88%
for DDSQ-ND-MPD.

Synthesis of DDSQ-MDA-BMI and DDSQ-MPD-BMI

DDSQ-ND-MDA (7.37 g, 4 mmol) or DDSQ-ND-MPD (6.65 g,
4 mmol) and excess maleic anhydride (0.83 g, 82 mmol) were
placed into a flask covered with N,. Next, 70 mL of dry acetone
was added dropwise with vigorous stirring until dissolution. In
addition, 60 mL of dry acetone was placed into a beaker con-
taining maleic anhydride and stirred until dissolution. The
maleic anhydride solution was added to the flask via a titration
funnel, and the flask was agitated for 1 h. The mixture was
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heated to 40 °C and maintained at that temperature for an
additional 30 min. Acetic anhydride (2.83 mL, 30 mmol) and
N,N-diethylethanamine (0.56 mL, 4 mmol) were subsequently
added to the flask. Unreacted solids were removed by filtration
after 48 h.

The crude product was dripped into a 1000 mL beaker
filled with ice and deionized water, quickly stirred, and the
stirring was stopped so that precipitation could proceed. The
precipitate was filtered and washed with 10% sodium carbon-
ate. The product was placed in a vacuum oven at room temp-
erature for 1 day. The resultant compounds are referred to as
DDSQ-MDA-BMI  (light  yellow, yield: 78%) and
DDSQ-MPD-BMI (black, yield: 81%).

Preparation of cured DDSQ-BMI resins

DDSQ-BMI powder was placed in an aluminium dish for
curing in an oven under air. The curing cycles of DDSQ-BMI
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Fig. 2 (a) Synthesis of DDSQ-MPD-BMI from DDSQ, DDSQ-ND and DDSQ-ND-MPD, and each corresponding (b) FTIR, (c) *H NMR and (d) **C NMR

spectra.
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were as follows: 2 h at 240 °C, 2 h at 320 °C, 2 h at 400 °C, 2 h
at 480 °C, and 2 h at 520 °C. The powders were removed from
the oven at each temperature. The cured resins are referred to
as ¢c-DDSQ-MDA-BMI and ¢-DDSQ-MPD-BMI.

Results and discussion

MDA-BMI and MPD-BMI were examined by '"H NMR and FTIR
spectroscopy. In the spectra of MDA-BMI as displayed in
Fig. S1(a) and (c),i the aromatic protons were distributed at
7.12-7.39 ppm, and the CH, unit appeared at 3.85 ppm. The
vinyl signals for maleic anhydride units were at 7.63 ppm.
Because the signals of the C=0O bonds could not be observed
by "H NMR, two peaks at 1707 and 1762 cm™" were identified
by FTIR. For MPD-BMI (Fig. S1(b) and (d)}), signals of aro-
matic protons appeared at 6.27, 7.22, and 7.35 ppm, and the
vinyl signals for maleic anhydride units appeared at 8.09 ppm.
Two signals at 1695 and 1783 cm™' were observed for
MPD-BM]I, which was confirmed by FTIR.

Fig. 1(a) and 2(a) show the synthesis scheme for
DDSQ-MDA-BMI and DDSQ-MPD-BMI, respectively. Each inter-
mediate chemical structure from DDSQ to DDSQ-BMI products
was confirmed by FTIR, '"H NMR and *C NMR analysis.
Fig. 1(b) and 2(b) display the FTIR spectra, and there was a Si-
CH; signal at 1264 cm™" and Si-O-Si signal at 1132 cm™" for
all DDSQ derivatives. Through hydrosilylation by DDSQ with
ND, the Si-H absorption bands at 2182 cm™" disappeared and
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formed doublet peaks at 1857 and 1780 cm™' by anhydride
C=0 units. DDSQ-ND-MDA and DDSQ-ND-MPD have imide
groups attached to MDA and MPD through DDSQ-ND.

Therefore, the imide C=O0 units of DDSQ-ND-MDA resulted
in two absorptions at 1705 and 1770 cm™', while the imide
C=0 units of DDSQ-ND-MPD were at 1706 and 1771 cm™".
They also produced two signals corresponding to symmetric
and asymmetric NH, units: DDSQ-ND-MDA was at 3366 and
3454 cm™', and DDSQ-ND-MPD was at 3354 and 3435 cm™},
respectively. After the formation of DDSQ-BMI products, the
signals of the NH, units disappeared, and the imide C=0
units of DDSQ-MDA-BMI were slightly red-shifted to 1712 and
1771 cm™', while DDSQ-MPD-BMI was also slightly red-shifted
to 1715 and 1778 em ™.

Fig. 1(c) and 2(c) display the DDSQ derivative spectra of the
'H NMR analysis. For DDSQ derivatives, several signals at 6.8
to 7.6 ppm were obtained for the aromatic protons of DDSQ,
and one signal at 0.38 ppm for Si-CH;. Through hydrosilyl-
ation by DDSQ with ND, there were some peaks at 0.87 ppm to
3.55 ppm by aliphatic protons with two isomers, and the Si-H
proton signal at 4.98 ppm disappeared.”! For DDSQ-ND-MDA
and DDSQ-ND-MPD, the spectra of 'H NMR displayed a broad
peak at 3.36 and 3.14 ppm for the NH, unit, respectively, and
four peaks at 6.24 to 6.65 ppm for the aromatic protons of
MDA or MPD units. When DDSQ-BMI products are formed,
the NH, signal will disappear, and the double bond signals of
the MA units will be generated at 6.82 ppm. Fig. 1(d) and 2(d)
show the DDSQ derivative spectra for the ">*C NMR analysis. All
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Fig. 3 MALDI-TOF mass spectra of (a) DDSQ-MDA-BMI and (b) DDSQ-MPD-BMI.
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DDSQ derivatives exhibited one signal for Si-CH; at 1.0 ppm
and many signals for the aromatic carbons of DDSQ from 128
to 134 ppm.

After hydrosilylation to form DDSQ-ND, signals of aliphatic
carbons at 25 to 52 ppm and anhydride C=0O at 179 ppm
appeared. For DDSQ-ND-MDA, new signals appeared at
177 ppm (imide C=O0), 144 ppm (C-N), 115 ppm (a from the
MDA aromatic), and 130 ppm (b from the MDA aromatic).
Similarly, at 177 ppm (imide C=0), 147 ppm (C-N), 113 ppm
(a from the MPD aromatic), and 128 ppm (b from the MPD
aromatic), novel signals for DDSQ-ND-MPD were observed.
Finally, the C=C signal from the MA units will be produced at
134 ppm when DDSQ-BMI products are synthesized. There are
two C=O0 signals for ND units at 177 and 178 ppm, and there
are also two C=0 signals for MA units at 169 and 170 ppm.
Fig. 3 shows the MALDI-TOF mass spectra of DDSQ-BMI final
products. Many different signals were generated due to the
fragments of different sizes that were generated after exposure
of the sample to the laser. However, the signal belonging to
DDSQ-MDA-BMI and DDSQ-MPD-BMI appeared at 2002 ¢
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View Article Online

Paper

mol™ and 1822 g mol™", respectively. Based on the FTIR,
NMR, and MALDI-TOF mass spectra analyses, it was concluded
that DDSQ-MDA-BMI and DDSQ-MPD-BMI were successfully
synthesized in this study.

Fig. 4(a) and (b) present the DSC thermograms of
DDSQ-MDA-BMI and DDSQ-MPD-BMI, with heating rates of
20 °C min~". The small endothermic peak at 168 °C (enthalpy
of —6.06 ] g') and obvious broad exothermic peak at 234 °C
(enthalpy of 37.50 J g ') correspond to the pure
DDSQ-MDA-BMI melting temperature and additional polymer-
ization process, respectively. Similarly, the melting tempera-
ture of DDSQ-MPD-BMI was at 75 °C (enthalpy of —2.67 J g™ ),
and the exothermic peak at 262 °C (enthalpy of 29.58 ] g )
was due to additional polymerization. The thermal curing pro-
ducts (c-DDSQ-MDA-BMI and c¢-DDSQ-MPD-BMI) underwent
TGA analyses from room temperature to 800 °C at a heating
rate of 20 °C min™", as displayed in Fig. 4(c) and (d). The temp-
erature at 10% weight loss (Tqi0) and char yield of c-
DDSQ-MDA-BMI were 300 °C and 40.98 wt%, respectively.
Both values increased with increasing thermal curing tempera-
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Fig. 4 DSC analyses of (a) DDSQ-MDA-BMI and (b) DDSQ-MPD-BMI from the first heating run. TGA analyses of (c) c-DDSQ-MDA-BMI and (d) c-

DDSQ-MPD-BMI at each thermal curing temperature.

This journal is © The Royal Society of Chemistry 2024

Polym. Chem., 2024,15, 553-564 | 557


https://doi.org/10.1039/d3py01115a

Published on 03 January 2024. Downloaded by National Sun Y at Sen University on 5/13/2024 10:23:06 AM.

Paper

ture. When the thermal curing temperature was 520 °C, the
char yield reached 95.68 wt%. Similarly, the T44, value of c-
DDSQ-MPD-BMI was 324 ©°C, and the char yield value
increased from 59.14 wt% to 96.04 wt% upon increasing the
thermal curing temperature. When the thermal curing temp-
erature was 480 °C, no thermal degradation occurred due to
the formation of a cross-linked structure.**3°

Fig. 5 displays the corresponding FTIR spectra of
¢-DDSQ-BMI products that underwent various thermal curing
temperatures. The signal at 1132 em™" for Si-O-Si bonds did
not disappear under high-temperature thermal curing due to
the cage structure of the inorganic DDSQ nanoparticles. In
contrast, the signals of the C=0 units for DDSQ-MDA-BMI (at
1713 and 1770 cm™') and DDSQ-MPD-BMI (at 1716 and
1780 cm™") all decreased after thermal curing at 520 °C. At a
curing temperature of 400 °C, the maleic anhydride units will
undergo double bond cleavage, which will then transform into
a single bond, forming an aliphatic.***® However, as the
curing temperature further increases to 520 °C, the C-H and
C-C bonds for the aliphatic will be destroyed, resulting in the

(@)
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signals at 2850-2927 cm ™"
ening. The signals of the aromatic CH at 1645 and 1634 cm™
did not change after thermal curing.

We obtained N, isotherm adsorption curves to confirm the
pore sizes and specific surface areas of c-DDSQ-BMI products
after thermal curing (Fig. 6). The adsorption and desorption
curves overlapped, which indicated that the material exhibits
uniform adsorption and desorption without any observable
hysteresis. For c-DDSQ-MDA-BMI heated at 480 °C for 6 h, the
surface area was 826 m” g~ ' (Table 1), which was the greatest
in contrast to the samples heated to 480 °C for 4 h (411 m?
g~ ") and 520 °C for 4 h (557 m? g™ ). Similarly, the surface area
of ¢-DDSQ-MPD-BMI heated at 480 °C for 6 h (352 m” g™ ') was
greater than that heated at 480 °C for 4 h (222 m? g7') and
520 °C for 4 h (109 m® g'). In addition, the average pore
width was 2.28-3.39 nm, which conforms to a mesoporous
morphology.

TEM images were used to observe the porous distribution.
Fig. 7(a and b) shows c-DDSQ-MDA-BMI at 480 °C for 4 h and
6 h, respectively, and Fig. 7(d and e) shows c-DDSQ-MPD-BMI
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Fig. 5 FTIR spectra of (a) c-DDSQ-MDA-BMI and (b) c-DDSQ-MPD-BMI at each thermal curing temperatures.
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Fig. 6 N, adsorption/desorption isotherms of (a) c-DDSQ-MDA-BMI and (b) c-DDSQ-MPD-BMI with different thermal curing procedures at 480 °C

for 4 h, 480 °C for 6 h and 520 °C for 4 h.

Table 1 BET surface areas and pore properties of c-DDSQ-MDA-BMI and c-DDSQ-MPD-BMI

¢c-DDSQ-MDA-BMI

¢c-DDSQ-MPD-BMI

Sample 480 °C/4 h 480 °C/6 h 520 °C/4 h 480 °C/4 h 480 °C/6 h 520 °C/4 h
Surface area (m” g™') 411 826 557 222 352 109
Smicroporous (M> g 1) 252 324 212 32 158 44

Pore volume (cm® g™") 0.135 0.164 0.166 0.09 0.496 0.016
Average pore size (nm) 4.19 2.84 2.33 2.52 3.21 3.56

at 480 °C for 4 h and 6 h, respectively. We found that some pores
were distributed on the surface of the material in all of the
figures. This proves that our c-DDSQ-BMI products successfully
crosslinked to form a porous structure. In addition, Fig. 7(c) and
(f) shows the EDS images of c¢-DDSQ-MDA-BMI and c-
DDSQ-MPD-BM], respectively, and these were used to confirm the
ratio of Si, C, and O atoms, as summarized in Table S1.}

The CO, adsorption isotherms of ¢-DDSQ-BMI products
heated at 480 °C for 6 h were measured at 273 K and 298 K, as
displayed in Fig. 8. c-DDSQ-MDA-BMI exhibited the highest

This journal is © The Royal Society of Chemistry 2024

CO, adsorption capacity of 38.95 cm® g™' STP (7.71 wt%) at
273 K and 1 bar due to the high surface area and large
amounts of N units. Compared with c-DDSQ-MDA-BMI, there
is relatively less adsorption capacity for c-DDSQ-MPD-BMI at
8.73 ecm® g~" STP (1.73 wt%). These modified units increased
their capacity to collect CO, through [N---C=O] acid-base
interactions. Furthermore, the isosteric enthalpies (Qy) of
¢-DDSQ-BMI products were determined using the Clausius—
Clapeyron equation. The Qg values of c-DDSQ-MDA-BMI and
c-DDSQ-MPD-BMI were 20.84 and 15.06 k] mol ™", respectively,
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O

Fig. 7 TEM images of samples after they underwent thermal curing at 480 °C for 4 h and at 480 °C for 6 h with (a and b) c-DDSQ-MDA-BMI and (d
and e) c-DDSQ-MPD-BMI. EDS image for (c) c-DDSQ-MDA-BMI and (f) c-DDSQ-MPD-BMI.

at high CO, adsorption (approximately 8.1 cm® g~* STP). The
Qg value for c-DDSQ-MDA-BMI was much higher than that for
¢-DDSQ-MPD-BMI because of the higher surface area and pore
volume of the former.
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The cyclic voltammetry (CV) and the galvanostatic charge
discharge (GCD) methods were used to examine the electro-
chemical performance of c-DDSQ-BMI products after thermal
curing at 480 °C for 6 h. We used a three-electrode setup con-
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Fig. 8 CO, uptake at (a) 298 K and (b) 273 K by c-DDSQ-MDA-BMI and c-DDSQ-MPD-BMI after thermal curing at 480 °C for 6 h.
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sisting of glassy carbon, platinum wire, and Hg/HgO as the
working, counter, and reference electrodes, respectively and
placed them in 1 M aqueous KOH. We measured the CV traces
at various scan rates from 5 to 200 mV s~ over a potential
range from —1 to 0 V, as shown in Fig. 9(a) and (c). There are
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oxidation peaks at —0.35 V and —0.49 V for c-DDSQ-MDA-BMI
and c-DDSQ-MPD-BMI, respectively.

The reduction peaks of the two c-DDSQ-BMI products are
not seen in the range of —1 to 0 V because the oxidation
peak is not symmetrical with the reduction peak.
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Fig. 9 Electrochemical performance of CV, and GCD analyses with (a and c) c-DDSQ-MDA-BMI and (b and d) c-DDSQ-MPD-BMI after thermal
curing at 480 °C for 6 h; (e) capacitance and (f) capacitance retention.
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Furthermore, we measured the capacitance of these com-
pounds at current densities ranging from 0.5 to 20 A g%, as
shown in Fig. 9(b) and (d). There is a longer discharge time
for c-DDSQ-MDA-BMI as compared to c-DDSQ-MPD-BMI,
indicating a higher specific capacitance. The specific capaci-
tance of c-DDSQ-MDA-BMI and c¢c-DDSQ-MPD-BMI at 0.5 A
g~' was 73.66 and 22.86 F g, respectively, as shown in
Fig. 9(e). As the current density increased, the specific
capacitance of c-DDSQ-MDA-BMI tended to be equivalent to
that of ¢c-DDSQ-MPD-BMIL.

Fig. 9(f) further demonstrates the long-term cycling stabi-
lity of our ¢-DDSQ-BMI products, with capacitance retentions
of 86.4% and 84.1%, respectively, for 5000 cycles at 10 A g~
Table S2f presents a performance analysis of c-
DDSQ-MDA-BMI and c-DDSQ-MPD-BMI as organic electrodes
in SC applications compared to other porous electrode
materials.

Conclusions

We synthesized DDSQ-BMI products through multi-step
chemical reactions and confirmed their successful synthesis
through FTIR and NMR spectroscopy, as well as MALDI-TOF.
There was a higher Ty,, value (324 °C) and char yield
(59.14 wt%) for DDSQ-MPD-BMI. All values increased after
thermal curing at different thermal temperatures. In addition,
the TEM images show pores distributed on the surface of
DDSQ-BMI products. Using N, adsorption/desorption iso-
therms, we determined that a high surface area (826 m* g™")
with high porosity was formed on c-DDSQ-MDA-BMI after
thermal curing at 480 °C for 6 h. Therefore, we used this
porous material to analyze the CO, absorption and electro-
chemical performance of c-DDSQ-MDA-BMI, which exhibited
excellent CO, adsorption (38.95 cm® g~ STP), specific capaci-
tance (73.66 F g™'), and capacitance retention (86.4%). These
data reveal that c-DDSQ-BMI products are porous materials
that can efficiently store and separate gases without a catalyst
and can undergo carbonization at high temperatures
(>600 °C).
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