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Abstract

Human society faces significant environmental challenges due to the rapid

production and consumption of fossil fuels. Therefore, developing effective

and environmentally friendly methods of generating and storing energy is

essential. Hypercrosslinked polymers (HPPs) have become increasingly popu-

lar due to their diverse preparation methods, simple functionalization, large

specific surface area, low cost, mild reaction conditions, high chemical and

thermal stability, and small size. We synthesized two hypercrosslinked porous

organic polymers using Friedel-Crafts reactions of 2,3,5,6-tetraphenyl pyrazine

(Pyra) with 4,40-bis(chloromethyl)biphenyl (BP), and dimethoxymethane

(DDM), resulting in Pyra-BP-HPP and Pyra-DDM-HPP, respectively. The

chemical structures and thermal stability of these polymers were confirmed

through solid-state 13C NMR, FTIR, and TGA. The surface area of Pyra-BP-

HPP and Pyra-DDM-HPP was determined to be 984 and 435 m2 g�1, respec-

tively, with micro and mesoporous structures present. Pyra-BP-HPP displayed

a high specific capacitance of 94 F g�1 at 1 A g�1, with a capacity retention of

95% after 2000 cycles, which can be attributed to its larger surface area, micro-

porosity, and abundance of electron-rich phenyl rings when compared to Pyra-

DDM-HPP.
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1 | INTRODUCTION

The dramatic rise in carbon dioxide emissions has caused
serious problems such as global warming, resource short-
ages, and environmental degradation.1–5 To mitigate
these issues, various measures are being taken to reduce
CO2 production. One promising solution is the develop-
ment of low-cost and eco-friendly systems that can pro-
vide long-term benefits to society, such as batteries and

supercapacitors (SCs).5,6 Supercapacitors offer several
advantages, including high energy density, excellent
durability, fast charge/discharge rates, and high stability,
making them a practical solution to the energy shortage
crisis.7–12 However, their energy density is still lower than
other rechargeable batteries, limiting their overall energy
storage capacity.13,14 To address this limitation,
researchers are exploring ways to improve the perfor-
mance of SCs and develop multifunctional materials with
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high surface areas, adjustable porous morphologies, and
highly conductive frameworks to increase demand for
SCs.15–22 The absence of any chemical processes, such as
redox reactions, and the lack of charge transport between
electrodes and electrolytes characterize the behavior of
electric double-layer capacitors (EDLCs). The charge in
EDLCs is stored in a non-faradaic manner. In contrast,
pseudocapacitance involves the occurrence of chemical
redox reactions and faradaic charge storage. The coexis-
tence of both EDLC and pseudocapacitance behavior
indicates the presence of both faradaic and non-faradaic
characteristics. This combination of characteristics has a
positive effect on the capacitance and stability of the
system.15–22

Hypercrosslinked porous polymers (HPPs) are a type
of multifunctional porous organic polymer (POP) that
offers several advantages, including simple functionaliza-
tion, high surface area, controlled reaction conditions,
various synthetic routes, and good thermal stability.17–33

The Friedel-Crafts reaction is a common method for pro-
ducing HPPs, as it allows for the quick establishment of
linkages and the creation of a strongly crosslinked frame-
work with enhanced porosity geometry.34–44 A wide
range of aromatic monomers can produce polymer
frameworks with different porosities or introduce specific
functionalities that increase the surface area and other
desirable characteristics of the materials.44 Hypercros-
slinked porous organic frameworks (HPPs) offer a multi-
tude of benefits that make them superior to other
materials, such as metal oxides, carbon, and composites
for supercapacitor applications. These advantages include
a high surface area and tunable porosity, which enhance
ion transportation and increase their specific capacitance.
Additionally, HPPs are cost-effective to prepare, unlike
metal oxides. They also offer significant energy density,
are environmentally friendly, and are lightweight, giving
them an edge over metal oxides. The combination of
these factors makes HPPs an attractive candidate for
supercapacitor applications.45–48 To enhance their super-
capacitor properties, researchers have introduced differ-
ent building blocks or heteroatoms (N, S, P, and B) into
their frameworks to increase surface area and conductiv-
ity.49,50 Several studies have investigated the performance
of HPPs in energy storage applications. For example, Kim
et al. prepared a xylene-based hypercrosslinked polymer
using the Friedel-Crafts reaction and observed a specific
capacitance of 242.5 F g�1 at 1.25 A g�1.51 The Vinodh
group synthesized anthracene-linked HPPs with good
microporosity, a surface area of 928 m2 g�1, and a specific
capacitance of 206.4 F g�1.52 Mohamed et al. prepared
tetraphenylethene-centered HPPs with a specific capaci-
tance of 110 F g�1 at 0.5 A g�1 and a surface area of 1000

m2 g�1.53 Sun et al. synthesized carbazole-linked HPPs
with a specific capacity of 23 F g�1 at 0.1 mA cm�2.54

Over the past few years, there has been a surge of
interest in tetraphenylpyrazine (TPP) and its derivatives
as a novel type of heterocyclic-based luminogens with
aggregation-induced emission (AIE) properties.45,55,56

These compounds have inherent benefits such as excep-
tional stability, the ability to tune emission color, easy
synthetic protocols, and effortless structural modifica-
tion.45,55,56 The energy storage potential of hypercros-
slinked porous polymers (HPPs) containing the
heterocyclic derivative tetraphenylpyrazine (Pyra) has
not been thoroughly studied. In this study, we aimed to
address this gap by synthesizing two different HPPs:
Pyra-BP-HPP and Pyra-DDM-HPP. Both were obtained
through the Friedel-Crafts reaction of 2,3,5,6-tetraphenyl pyr-
azine with 4,40-bis(chloromethyl)biphenyl and dimethoxy-
methane, respectively, in the presence of FeCl3, methane
sulfonic acid, and 1,2-dichlorobenzene. These HPPs were
found to have high surface areas and porosities, making
them suitable as active electrode materials for supercapaci-
tors. The chemical structures, porosities, thermal stabilities,
and electrochemical performances of these HPPs are dis-
cussed in detail below.

2 | EXPERIMENTAL SECTION

2.1 | Materials

4,40-Bis(chloromethyl)biphenyl (BP), dimethoxymethane
(DDM), methanesulfonic acid, anhydrous ferric chloride
(FeCl3), 1,2-dichlorobenzene, acetic acid (AcOH), acetic
anhydride (Ac2O), ammonium acetate (CH3COONH4)
and benzoin were purchased from Sigma Aldrich. Acetone,
Dichloromethane (DCM), and tetrahydrofuran (THF) were
ordered from Aldrich.

2.2 | Synthesis of
tetraphenylpyrazine (Pyra)

A 50-mL round bottom flask was filled with 4 g of BZ
(18.90 mmol), 2.73 mL of Ac2O (28.30 mmol), 4.40 g of
CH3COONH4 (56.60 mmol), and 150 mL of AcOH. The
mixture was cooled to room temperature and filtered
after 3.5 hours of refluxing. Pyra monomer (Scheme S1)
was produced as a white solid by recrystallizing the crude
products in acetic acid. FTIR (cm�1, Figure S1): 3019
(CH aromatic), 1631 (C N). 1H NMR (CDCl3, ppm,
Figure S2a): 7.64 (m, 8H), 7.36 (m, 12H). 13C NMR
(CDCl3, ppm, Figure S2b): 148.0–129.4.
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2.3 | Synthesis of Pyra-BP-HPP

In a 150-mL flask, 2,3,5,6-tetraphenylpyrazine (0.7 g,
1.82 mmol), 4,40-bis(chloromethyl)biphenyl (2.73 g,
10.92 mmol), FeCl3 (1.77 g, 10.91 mmol), methanesulfonic
acid (2.12 mL, 32.77 mmol) and 1,2-dichlorobenzene
(30 mL) were mixed, stirred, and heated under N2 at 140 �C
for 72 h. The insoluble products were filtered and washed
several times with THF, methanol, DCM, and acetone to
afford Pyra-BP-HPP as a brown powder (Scheme 1A).

2.4 | Synthesis of Pyra-DDM-HPP

In a 150-mL flask, 2,3,5,6-tetraphenylpyrazine (0.7 g,
1.82 mmol), dimethoxymethane (0.83 g, 10.91 mmol),
FeCl3 (1.77 g, 10.91 mmol), methanesulfonic acid (2.12 mL,
32.77 mmol), and 1,2-dichlorobenzene (30 mL) were mixed,
stirred, and heated under N2 at 140 �C for 72 hours. The
insoluble products were filtered and washed several times
with THF, methanol, DCM, and acetone to afford Pyra-
DDM-HPP as a brown powder (Scheme 1B).

3 | RESULT AND DISCUSSION

3.1 | Synthesis and characterization of
Pyra-BP-HPP and Pyra-DDM-HPP

We synthesized two porous HPPs, Pyra-BP-HPP and Pyra-
DDM-HPP, using the Friedel-Crafts reaction method, as

shown in Scheme 1. First, we synthesized the Pyra monomer
by reacting BZ with CH3COONH4 in the presence of AcOH
at 90 �C for 24 h (Scheme S1). To create Pyra-BP-HPP, we
reacted 2,3,5,6-tetraphenylpyrazine with 4,40-bis(chloro-
methyl)biphenyl, and for Pyra-DDM-HPP, we reacted
2,3,5,6-tetraphenylpyrazine with dimethoxymethane. Both
reactions were carried out in the presence of FeCl3, metha-
nesulfonic acid, and 1,2-dichlorbenzene, and the mixture
was stirred and heated under N2 at 140 �C for 48 h
(Scheme 1).

We used FTIR spectroscopy to identify the functional
groups in both Pyra-BP-HPP and Pyra-DDM-HPP. The
peaks of C N (imino) and C C aromatics were observed
at 1705 cm�1 and 1603 cm�1, respectively, and the ali-
phatic (C-H) group centered at 2918 cm�1 was present in
both materials (Figure 1A). The solid-state 13C NMR of
both materials also confirmed the presence of C N at
178 ppm, while the signal for aromatic carbons was
observed at 128–139 ppm and for aliphatic carbons at
38 ppm (Figure 1B). The presence of aliphatic linkers
confirmed the successful synthesis of both materials
through the Friedel-Crafts reaction. We measured the
thermal stability of both Pyra-BP-HPP and Pyra-DDM-
HPP using thermogravimetric (TGA) analysis
(Figure 1C). The Td5, Td10, and char yield were observed
as 195 �C, 233 �C, and 69.74 wt% for Pyra-BP-HPP, while
299 �C, 372 �C, and 56.5 wt% for Pyra-DDM-HPP, respec-
tively. Pyra-BP-HPP showed higher thermal stability than
Pyra-DDM-HPP, which can be attributed to its higher
crosslinking density. We analyzed the nature of both
materials using powder X-ray diffraction (PXRD) studies,

SCHEME 1 Synthesis of (A)

Pyra-BP-HPP and (B) Pyra-DDM-

HPP from Pyra moiety through

Friedel–crafts reaction.
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which showed that both materials had broad peaks dem-
onstrating their amorphous characteristics (Figure 1D).

The N2 sorption at 77 K was utilized to analyze the
porosities of Pyra-BP-HPP and Pyra-DDM-HPP. As per
UPAC standards, type I isotherms were observed for both
Pyra-BP-HPP and Pyra-DDM-HPP (Figure 2A,B), with an
SBET of 984 and 435 m2 g�1, respectively. The rapid N2

absorption uptake in the low and high-pressure zones
indicated the existence of microporous and mesoporous
structures in both Pyra-BP-HPP and Pyra-DDM-HPP.
Using non-local density functional theory, the pore size
of Pyra-BP-HPP and Pyra-FDA-HPP was observed as 1.45
and 1 nm, respectively (Figure 2C,D). The pore volumes
were 0.73 and 0.31 cm�3 g�1 for Pyra-BP-HPP and Pyra-
DDM-HPP, respectively.

The SEM and TEM analysis confirmed the morphol-
ogies of porous Pyra-BP-HPP and Pyra-DDM-HPP, as
shown in Figure 3A–F. The SEM analysis showed spheri-
cal agglomerated particles for both Pyra-BP-HPP and
Pyra-DDM-HPP. The TEM analysis revealed spherical
particles for Pyra-BP-HPP (Figure 3C) and tiny bright

and dark regions for Pyra-DDM-HPP (Figure 3F), demon-
strating its high porosity.

The energy-dispersive X-ray (EDX) and element map-
ping studies of the SEM images demonstrated the
presence of C and N atoms in both Pyra-BP-HPP and
Pyra-DDM-HPP (Figure 4A–F).

3.2 | Electrochemical analysis of the
Pyra-BP-HPP and Pyra-DDM-HPP

Our study involved cyclic voltammetry (CV) and galvano-
static (GCD) analyses within the potential range from
0 to �1.0 V to assess the electrochemical performance of
our synthesized HPPs and evaluate their suitability as
energy storage electrode materials. To obtain the CV
traces of Pyra-BP-HPP and Pyra-DDM-HPP, we used dif-
ferent scan rates, presented in (Figure 5A,B). At both low
and high sweep rates, we observed rectangular humped
CV curves for Pyra-BP-HPP and Pyra-DDM-HPP
(Figure 5A,B), indicating that these materials are stable
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FIGURE 1 (A) FT-IR; (B) Solid state 13C NMR; (C) TGA; and (D) XRD of Pyra-BP-HPP and Pyra-DDM-HPP.
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FIGURE 2 (A, B) N2 isotherms curves and (C, D) pore diameter of the (A, C) Pyra-BP-HPP and (B, D) Pyra-DDM-HPP.

FIGURE 3 SEM (A, B, D, E) and TEM (C, F) images of Pyra-BP-HPP (A–C) and Pyra-DDM-HPP (D–F).
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FIGURE 5 (A, B) CV and (C, D) G curves of (A, C) Pyra-BP-HPP and (B, D) Pyra-DDM-HPP.

FIGURE 4 EDS-SEM mapping of Pyra-BP-HPP (A–C) and Pyra-DDM-HPP (D–F).
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and exhibit capacitance arising from EDLC and pseudo-
capacitance behavior.57–59 Moreover, we conducted GCD
measurements for Pyra-BP-HPP and Pyra-DDM-HPP at

various current densities (ranging from 20 to 1 A g�1)
(Figure 5C,D). The resulting GCD curves were triangular
in shape, which is characteristic of pseudocapacitive and
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FIGURE 7 Stability at 2000 cycles for (A) Pyra-BP-HPP and (B) Pyra-DDM-HPP.
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EDLC behavior. Notably, the discharge times for both
Pyra-BP-HPP and Pyra-DDM-HPP electrode materials
were significantly longer than the charging times, indi-
cating improved capacitance.

In addition to cyclic voltammetry and galvanostatic
analysis, we also measured the electrochemical imped-
ance spectroscopy (EIS) of both Pyra-BP-HPP and Pyra-
DDM-HPP. Our results revealed that Pyra-BP-HPP had a
smaller internal resistance than Pyra-DDM-HPP, indicat-
ing superior electrochemical performance (Figure 6A). At
1 A g�1, Pyra-BP-HPP exhibited a specific capacitance of
94 F g�1, while Pyra-DDM-HPP had a specific capaci-
tance of 31 F g�1 (Figure 6B). Even at a higher current
density of 20 A g�1, Pyra-BP-HPP still had a higher spe-
cific capacitance of 19 F g�1 compared to Pyra-DDM-
HPP (6 F g�1), indicating a significant difference in
performance between the two materials. The excellent
electrochemical characteristics of Pyra-BP-HPP could be
attributed to its larger surface area, microporosity, and
abundance of electron-rich phenyl rings compared to Pyra-
DDM-HPP. These characteristics would facilitate the trans-
portation of electrolytes to the electrode surface, enhancing
mass mobility and electrochemical performance.60–63 How-
ever, as the current density increased from 0.5 to 20 A g�1,
the specific capacitance of both materials decreased, likely
due to a lack of time for ion mobility. Additionally, we
found that the energy density of Pyra-BP-HPP was higher
than that of Pyra-DDM-HPP, with values of 13.06 W h kg�1

and 4.31 W h kg�1, respectively (Figure 6C). Overall, the
electrochemical performance of both Pyra-BP-HPP and
Pyra-DDM-HPP electrode materials (Figure 6D) was supe-
rior to that of other porous materials.64–69

To assess the long-term stability of Pyra-BP-HPP and
Pyra-DDM-HPP, we conducted cycling stability tests at
10 A g�1 for 2000 cycles, as illustrated in Figure 7A,B.
Both Pyra-BP-HPP and Pyra-DDM-HPP exhibited high
capacity retention, with Pyra-BP-HPP retaining 95% of its
initial capacitance and Pyra-DDM-HPP retaining 98% of
its initial capacitance. These results suggest that both
electrode materials have excellent cycling stability, even
under high current densities.

4 | CONCLUSION

We synthesized two tetraphenyl pyrazine-linked HPPs,
Pyra-BP-HPP, and Pyra-DDM-HPP, using Pyra monomer,
BP, and DMM as external crosslinker reagents through
Friedel–Crafts reaction (as shown in Scheme 1). Pyra-BP-
HPP exhibited excellent electrochemical performance,
owing to its large surface area, microporosity, and
abundance of electron-rich phenyl rings compared to

Pyra-DDM-HPP. At 1 A g�1, Pyra-BP-HPP and Pyra-
DDM-HPP showed a specific capacitance of 94 and
31 F g�1, respectively, and both materials had capacity
retention of 95% and 98% after 2000 cycles, indicating
good cycling stability. These findings suggest that these
electroactive materials could be a potential candidate for
energy storage device applications.
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