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ABSTRACT: Conjugated microporous polymers (CMPs) have
been investigated as promising materials for enhancing energy
storage in supercapacitors. Supercapacitors can be categorized into
electric double-layer capacitors (EDLC) and pseudocapacitors,
each differing in how their electrodes interact with ions. In the
process of synthesizing CMPs, four specific building blocks,
namely, triptycene (Try), pyrene (Py), tetraphenylethene (TPE),
and benzo[c][1,2,5]thiadiazole (BT), were utilized. To synthesize
Try-PyT CMP, Try-PyT-BT CMP, Try-TPET CMP, and Try-
TPET-BT CMP, an efficient and environmentally friendly
synthesis method was employed. This technique involved a one-
pot Sonogashira coupling reaction. The analysis phase encom-
passed a range of assessments, including Fourier transform infrared
(FTIR) spectroscopy, thermogravimetric analysis (TGA), 13C solid-state NMR, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), N2 adsorption/desorption isotherm measurements, cyclic voltammetry (CV), and galvanostatic
charge−discharge (GCD). These analyses were performed to evaluate the chemical structures, thermal stability, porosity,
morphology, and electrochemical properties of the four CMPs based on Try. The study highlighted the exceptional performance of
these Try-based CMPs as electrode materials for supercapacitors. In particular, the Try-TPET-BT CMP demonstrated an impressive
capacitance of 157 F g−1 at 0.5 A g−1, coupled with remarkable stability across 2000 cycles. Their substantial surface area and pore
volume make them strong contenders for practical applications in real-world devices.
KEYWORDS: triptycene, tetraphenylethene, benzo[c][1,2,5]thiadiazole, Sonogashira coupling, conjugated microporous polymers,
supercapacitor

■ INTRODUCTION
Porous organic polymers (POPs) could be synthesized from
several organic routes such as Suzuki coupling (organoboronic
acid and halides), Sonogashira (carbon−carbon bond between
a terminal alkyne and an aryl or vinyl halide), Heck (aryl
halides or vinyl halides and activated alkenes), and others.1−15

POPs could have some potential applications including gas
storage and separation, energy storage such as supercapacitors
and batteries, catalysis, sensing, drug delivery, and water
purifications.16−25 Compared with the covalent organic
frameworks (COFs) and metal−organic frameworks (MOFs)
with highly crystalline properties as well as extensively
developed materials, conjugated microporous polymers
(CMPs) are a kind of amorphous polymer with a unique π-
electron conjugated skeleton. The rich π-electron on the
conducting polymers results in the comprehensive exhibition
of electrical, optical, and magnetic properties. Above and

beyond, the amorphous property allows the monomer choice
more flexible to diverse the network and has attracted attention
in science research and industry applications.26−33

Triptycene (Try) is aromatic hydrocarbon with three
benzene rings fused together in a triangular shape, and the
central benzene ring is perpendicular to the other two benzene
rings forming a three-dimensional (3D) structure with D3h
symmetry, three outside benzene rings including 120° make
triptycene be a concaved shape structure, it absolutely prevents
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the packing of planar properties monomer. In this study, the
hexa-functionalized triptycene monomer is synthesized
through bromination on the carbons with 2, 3, 6, 7, 14, and
15, and the highly dense arrangement of six functionalities
could be as maximum as possible to increase the cross-link
density as well as increase the surface area. Since the first
triptycene structure was published in 1942, there have already
been a lot of studies taking this compound into account.34 For
instance, triptycene’s inherent symmetry and concave structure
make it a prime candidate for incorporation into macrocyclic
arenes. Its electron-rich cavity bestows upon it a unique
chemical architecture, endowing it with host−guest inter-
actions, responsiveness to stimuli, and the capacity for self-
assembly. On the other hand, combined with the flexibility of
monomers in POPs, the three-dimensional property of
triptycene is well designed as a building unit.35−43 For
example, Ghanem et al. published the first POP containing
triptycene unit,44 and then, a series of triptycene-based POPs
were reported in recent years. Benefiting from the extensive
functional sites, Fang et al. synthesized a 3D stp-topologized
COFs with a porphyrin or metalloporphyrin building unit.45 In
addition, Fu et al. have reported the different functional POSS
such as (T8, T10, and T12) units with the triptycene
components to form organic/inorganic hybrid POPs.46

Energy density, power capacity, and long cycle stability are
essential requirements for an electrode material in energy
storage devices. Considering these three factors, we inserted a
highly functional unit into a network structure to be a new
material and made it a component of an energy storage
device.47,48 Basically, energy storage devices could be separated
into two major classes (battery and supercapacitor), and then
there are two subclasses of supercapacitors (EDLC and
pseudocapacitors). Furthermore, by leveraging the advantages
of the aforementioned subclasses, numerous studies have
proposed innovative strategies to endow materials with dual
characteristics.49,50 In this work, a series of four different
composite materials (CMPs) were synthesized by using a
quick and low-waste approach. These CMPs were composed of
Try, Py, TPE, and BT moieties. The synthesis method involved
a one-pot Sonogashira coupling process. The four CMPs
synthesized were Try-PyT CMP, Try-PyT-BT CMP, Try-
TPET CMP, and Try-TPET-BT CMP. To characterize these
Try-based CMPs, various analytical techniques were employed.
Chemical composition analysis was performed by using
Fourier transform infrared (FTIR) and solid-state NMR
spectroscopy. Thermal stability was evaluated using thermog-
ravimetric analysis (TGA). The porosity and surface
morphology of the Try-based CMPs were examined using
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), respectively. The N2 adsorp-
tion/desorption isothermal measurements were conducted to
determine the porosity of the CMPs linked Try units.
Additionally, electrochemical measurements were performed
to evaluate the suitability of these Try-based CMPs as
supercapacitor electrode materials. Cyclic voltammetry (CV)
and galvanostatic charge−discharge (GCD) studies were
conducted. The Try-TPET-BT CMP exhibited the highest
capacitance value of 157 F g−1 at 0.5 A g−1 and demonstrated
excellent stability over 2000 cycles. Overall, the rigid cross-
linked networks with high bonding energy of triple bond
achieve a strong and stable material structure and the
heteroatom (N, S) afforded by BT unit expands the energy
density for Try-based CMPs.51−56

■ EXPERIMENTAL SECTION
Materials. Triptycene (Try, 98%), bromine (Br2), copper(I)

iodide (CuI, 99.5%), triphenylphosphine (PPh3, 99%), titanium
tetrachloride (TiCl4, 99.9%), 99.9%, anhydrous magnesium sulfate
(MgSO4, 99.5%), dimethylformamide (DMF), methanol (MeOH),
dichloromethane (DCM), tetrakis(triphenylphosphine) palladium(0)
[Pd(PPh3)4], and triethylamine (Et3N, 99.5%) were purchased from
Alfa Aesar and Sigma-Aldrich. In accordance with our earlier
investigations, we effectively prepared the precursors essential for
synthesizing 1,3,6,8-tetrakis(2-(trimethylsilyl)ethynyl)pyrene (PyT-
Si4) and 1,1,2,2-tetrakis(4-((trimethylsilyl)ethynyl)phenyl)ethane
(TPET-Si4).

57−62

Synthesis of 2,3,6,7,14,15-Hexabromotriptycene (Try-Br6). CHCl3
was combined with Try (4.00 g, 15.6 mmol), I2 (0.52 g, 1.60 mmol),
Fe (0.320 g, 5.6 mmol), and Br2 (2.80 mL, 156.0 mmol), which was
then heated at 65 °C for 24 h. Excess CHCl3 was then evaporated
under a decreased pressure after cooling to ambient temperature. A
white powder was produced by purifying the crude materials using
column chromatography with hexane as the eluent (yield: 80%; Tm ≥
350 °C). FTIR: 3071, 2928 (Figure S1). 1H NMR (Figure S2): 7.61,
5.23 (CH aliphatic). 13C NMR (Figure S3): 144.37, 129.54, 122.99,
51.30 (aliphatic carbon nuclei). Td10 = 461 °C and char yield = 4 wt %
(by TGA).
Synthesis of 1,3,6,8-Tetraethynyl-4,6-dihydropyrene (PyT). PyT-

Si4 (6.4 g, 10.4 mmol) and K2CO3 (11.24 g, 81.6 mmol) were
dissolved in 150 mL of MeOH and agitated at room temperature for
48 h. Brown solids were produced after K2CO3 had been taken out of
the crude products using a water wash. FTIR (Figure S4): 3268 (�
C−H), 2118. 1H NMR (Figure S5): 7.24, 6.93, 3.06 (�C−H). 13C
NMR (Figure S6): 143.8−121.24, 83.6 (�C−Ar), 77.88 (�C−H).
Synthesis of 1,1,2,2-Tetrakis(4-ethynylphenyl)ethene (TPET).

TPET-Si4 (6.4 g, 10.8 mmol) and K2CO3 (11.24 g, 81.6 mmol)
were combined with 100 mL of MeOH and agitated for 48 h at room
temperature. The crude products were washed with water to remove
K2CO3 and yield a yellow solid. FTIR (Figure S7): 3255 (�C−H),
2168 (C�C). 1H NMR (Figure S8): 7.24, 6.93, 3.1 (�C−H). 13C
NMR (Figure S9): 143.8−121.24, 83.6, 77.88 (�C−H).
Synthesis of 4,7-Dibromobenzo[c][1,2,5]thiadiazole (BT-Br2).

Benzo[c][1,2,5]thiadiazole (20.0 g, 293.6 mmol), HBr (48%), and
Br2 solution were combined, and the resulting mixture was refluxed at
100 °C for 24 h. The BT-Br2 solution was prepared by adding DCM
after the addition of the NaOH solution at 0 °C. The solvent was then
extracted under decreased pressure to get the final white powder (10
g, 50%). FTIR (Figure S10): 3035 cm−1. 1H NMR (Figure S11): 7.74
ppm. 13C NMR (Figure S12): 154−115 ppm.
Synthesis of Try-PyT, Try-PyT-BT, Try-TPET, and Try-TPET-BT

CMPs. To prepare the Try-PyT CMP, Try-Br6 (0.4 g), PyT (0.05 g),
PPh3 (0.07 g), Pd(PPh3)4 (0.06 g), and CuI (0.07 g) were dissolved
in 40 mL of Et3N and DMF under the degassed condition and heated
to 110 °C for 3 days to provide a red precipitate solid [Scheme S1].
To synthesize Try-PyT-BT CMP as a red solid [Scheme S2], Try-Br6
(0.4 g), PyT (0.05 g), and BT-Br2 (0.01 g) were used. To prepare
Try-TPET CMP as a brown solid [Scheme S3], Try-Br6 (0.4 g) and
TPET (0.5 g) were used. To prepare Try-TPET-BT CMP as a brown
solid [Scheme S4], Try-Br6 (0.4 g), TPET (0.05 g), and BT-Br2 (0.01
g) were used. All produced Try-CMPs in this study were produced by
THF, MeOH, and acetone.

■ RESULTS AND DISCUSSION
Syntheses and Characterizations of Try-Based CMPs

[Try-PyT, Try-PyT-BT, Try-TPET, and Try-TPET-BT CMPs].
To produce Try-CMPs, a combination of two or more
monomers is essential. The choice of monomers is crucial and
depends on the synthesis route as well as the selective
functional groups present in these monomers. Here are four
specific monomers provided for this purpose: Try-Br6, this
monomer is synthesized by performing a bromination reaction
on triptycene; BT-Br2 is obtained through a bromination
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reaction on benzo[c][1,2,5]thiadiazole;62 PyT and TPET were
synthesized by removing the terminal trimethylsilane groups in
the presence of K2CO3 and MeOH. Additionally, two
important monomers, tetraphenylethene (TPE) and pyrene
(Py), are widely used in the design of organic luminescent
materials and optoelectronic devices.63−65 TPE is commonly
employed in organic luminescent materials due to its central
ethylene double bond, which makes it prone to undergo
photoinduced isomerization frequently. This property is
advantageous in luminescent applications. On the other
hand, the Py molecule possesses four benzene rings fused
together, resulting in an extensive π-electron system.65 The
optical and structural characteristics of pyrene make it highly
valuable in various optoelectronic devices. Due to the unique
properties of pyrene and TPE, both molecules have found
extensive use in the field of optoelectronics, contributing to the
development of various devices in this domain.63−67

Sonogashira and Hagihara et al. have reported a new
coupling synthesis route, and this approach has been widely
used to prepare organic porous polymers with conjugated
skeleton through this reaction.68 This is a cross-coupling
reaction that is found in organic synthesis to form a strong
triple bond between an aryl or vinyl halide and a terminal
alkyne. In this study, we prepared four different Try-CMPs
using the following monomer combinations: Try-Br6 with PyT,
PyT/BT-Br2, TPET, and TPET/BT-Br2. We utilized the
Sonogashira reaction in the presence of EtN3 under moderate
conditions at 90 °C for 3 days to facilitate the polymerization
process. The resulting CMPs were collected as dark red solids
in relatively high yields. Specifically, the Try-PyT CMP and
Try-PyT-BT CMP were obtained from the central unit Try-Br6
combined with PyT and PyT/BT-Br2 mixture, respectively, as
depicted in Figure 1a,b. The yields for Try-PyT CMP and Try-
PyT-BT CMP were 78 and 82%, respectively. Furthermore, the
Try-TPET CMP and Try-TPET-BT CMP were synthesized as
brown solids. These CMPs were derived from Try-Br6 as the
central unit, combined with TPET and TPET/BT-Br2 mixture,
respectively, as illustrated in Figure 1c,d. The yields for Try-

TPET CMP and Try-TPET-BT CMP were 75 and 80%,
respectively. Overall, the successful synthesis of these four Try-
based CMPs using the Sonogashira reaction under moderate
conditions demonstrates the feasibility of this approach in
creating porous polymers with conjugated structures. The
obtained Try-CMPs hold promise for potential applications in
energy storage fields due to their specific compositions and
properties. These four Try-based CMPs exhibit a high degree
of polymerization and cross-linking density, as evidenced by
their insolubility in both water and various organic solvents,
such as THF, DMF, methanol, CHCl3, and acetone.
The confirmation of their chemical structures was carried

out using FTIR (Fourier transform infrared) spectroscopy and
13C solid-state CP/MAS NMR spectroscopy. FTIR analysis of
Try-Br6 revealed absorption peaks at approximately 2924 and
3060 cm−1, corresponding to aliphatic CH and aromatic CH
groups, respectively (Figure 2). PyT and TPET exhibited
characteristic absorption peaks for triple bonds (�C−H and
C�C) at 3283, 3272, 2198, and 2105 cm−1, respectively. BT-
Br2 showed absorption peaks for C−Br at 586 cm−1, aromatic
CH at 3078 and 3045 cm−1, and aromatic C�C at 1586 cm−1.
In all Try-based CMPs, the C�C−H absorptions at 3283 and
3272 cm−1 disappeared due to the formation of the cross-
linked structure during the Sonogashira reaction. However, the
C�C absorptions remained, indicating the presence of
internal C�C structures in the Try-CMPs. These internal
C�C absorptions were slightly shifted to 2100 cm−1 for Try-
PyT CMP, 2181 cm−1 for Try-PyT-BT CMP, 2195 cm−1 for
Try-TPET CMP, and 2200 cm−1 for Try-TPET-BT CMP,
compared to monomers PyT (at 2198 cm−1) and TPET (at
2105 cm−1). This shift indicates the successful formation of
these Try-based CMPs. Furthermore, the C−Br absorption at
586 cm−1 from BT-Br2 disappeared in Try-PyT-BT CMP and
Try-TPET-BT CMP, and new absorption peaks emerged
within the ranges of 3133−3029 cm−1 (aromatic CH), 2955−
2930 cm−1 (aliphatic CH), and 1620−1550 cm−1 (aromatic
C�C). These results provide further evidence for the

Figure 1. Synthesis of four triptycene (Try)-based CMPs including (a) Try-PyT CMP, (b) Try-PyT-BT CMP, (c) Try-TPET CMP, and (d) Try-
TPET-BT CMP.
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successful formation of all four Try-based CMPs, as indicated
by the FTIR analyses shown in Figure 2.
Figure 3 shows the corresponding 13C solid-state CP/MAS

NMR spectra of the four Try-based CMPs. As expected, the
cross-linked structures of these CMPs could not be dissolved
in any organic solvents due to their high degree of
polymerization and cross-linking density. The NMR spectra
reveal distinct carbon signals, providing valuable insights into
the composition of these CMPs. The signals appearing in the
range of 147.20−111.26 ppm are attributed to aromatic
carbons, indicating the presence of aromatic rings within the
framework of the CMPs. Notably, signals at 81.65−80.63 ppm
correspond to the internal C�C moieties, confirming the
successful incorporation of the triple bond units within the
CMPs. These internal C�C signals are likely to arise from the
reaction of Try with PyT or TPET during the Sonogashira
coupling, leading to the formation of the cross-linked
structures. Furthermore, signals at 54.96−52.11 ppm are
assigned to aliphatic CH units originating from the Try
group, providing additional evidence of the successful
integration of Try moieties within the CMP frameworks.28

Taken together, the 13C solid-state CP/MAS NMR spectra
support the successful incorporation of both tryptophan and
C�C moieties into the structures of these four Try-based

CMPs, confirming their well-defined and cross-linked frame-
works. These findings further validate the feasibility of the
Sonogashira reaction approach in synthesizing highly struc-
tured and stable Try-based CMPs.
To understand the thermal stability of these Try-based

CMPs, we used TGA under a N2 atmosphere from 100 to 800
°C, and all Try-based CMPs exhibited good thermal stability,
as shown in Figure 4 and also summarized in Table 1. The Td10
values of Try-PyT, Try-PyT-BT, Try-TPET, and Try-TPET-
BT CMPs are at 366, 304, 399, and 353 °C, and the char yields
after heating to 800 °C were 67, 60, 70, and 60 wt %,
respectively. The results of the TGA clearly show that Try-PyT
and Try-TPET CMPs exhibit better thermal stability
compared to Try-PyT-BT and Try-TPET-BT CMPs. This
observation suggests that the incorporation of the BT
monomer into Try-PyT and Try-TPET CMPs may lead to a
reduction in cross-linking density, resulting in longer
construction skeletons, as we had anticipated. As a
consequence, the thermal stability of Try-PyT-BT and Try-
TPET-BT CMPs is slightly decreased compared to the other
two CMPs.
The porous properties of the four Try-based CMPs were

investigated through N2 adsorption and desorption measure-
ments at 77 K. The BET model was employed to calculate

Figure 2. FTIR spectra of the corresponding monomers and Try-CMPs of (a) Try-PyT, (b) Try-PyT-BT, (c) Try-TPET, and (d) Try-TPET-BT
CMPs.
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Figure 3. 13C CP/MAS solid-state NMR spectra of (a) Try-PyT, (b) Try-PyT-BT, (c) Try-TPET, and (d) Try-TPET-BT CMPs.

Figure 4. TGA traces of the (a) Try-PyT, (b) Try-PyT-BT, (c) Try-TPET CMPs, and (d) Try-TPET-BT CMPs.
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their surface area, pore volume, and pore diameter, as
illustrated in Figure 5 and Table 1. The total pore volumes
were determined from the N2 isotherm at P/P0 = 0.99, and the
pore size distribution curves were obtained by using the
nonlocal density functional theory (NLDFT) method. Analysis
of the N2 adsorption/desorption isothermal curves revealed
that all four Try-based CMPs exhibited a combination of Type
I and Type IV isotherms as per the IUPAC classification. This
suggested the presence of a micro/mesoporous structure in
these materials. The rapid N2 adsorption uptake observed at
both relatively lower and higher pressures further supported
this conclusion. During the desorption process of the Try-PyT,
Try-TPET, and Try-TPET-BT CMPs, a slight hysteresis
phenomenon was observed. This behavior can be attributed

to the coexistence of micro- and mesopores within the
materials. The surface area and pore volume were calculated to
be 613 m2 g−1 and 0.61 cm3 g−1 for Try-PyT CMP; 402 m2 g−1

and 0.49 cm3 g−1 for the Try-PyT-BT CMP; 601 m2 g−1 and
0.68 cm3 g−1 for the Try-TPET CMP; and 485 m2 g−1 and 0.73
cm3 g−1 for the Try-TPET-BT CMP. Next, the pore diameter
distribution of CMPs was Try-PyT (1.02 and 1.78 nm), Try-
PyT-BT (1.29 nm and 1.83), Try-TPET (1.29 and 1.92 nm),
and Try-TPET-BT (1.06 and 1.79 nm), suggesting four CMPs
featuring micro/mesoporous behavior. Furthermore, in agree-
ment with the TGA results, the incorporation of the BT unit
led to a decrease in the surface areas of Try-PyT CMP and
Try-TPET-BT CMP compared to those of their counterparts
without the BT unit.
Field emission scanning electron microscopy (SEM)

revealed that all four Try-based CMPs displayed irregular
shapes and exhibited a tendency to aggregate together, as
depicted in Figure 6a−d. The elemental composition was
confirmed by energy-dispersive spectroscopy (EDS). Try-PyT
CMP and Try-TPET CMP showed the presence of only
carbon atoms, represented by the red color in the EDS
analysis. On the other hand, Try-PyT-BT CMP and Try-
TPET-BT CMP exhibited the presence of additional nitrogen
and sulfur atoms, indicated by the white and green colors,
respectively, as shown in Figures S13−S16. For further

Table 1. TGA, Brunauer−Emmett−Teller (BET), and
Capacitance Data of 3D Try-CMPs

sample
Td10
(oC)

char
yield
(wt %)

surface
area

(m2 g−2)

pore
size
(nm)

capacity
(F g−1)

Try-PyT CMP 366 67 613 1.02 66
Try-PyT-BT CMP 304 60 402 1.29 116
Try-TPET CMP 399 70 601 1.29 100
Try-TPET-BT CMP 353 60 485 1.06 157

Figure 5. (a−d) N2 adsorption/desorption isotherms and (e−h) pore size distributions of the (a, e) Try-PyT, (b, f) Try-PyT-BT, (c, g) Try-TPET,
and (d, h) Try-TPET-BT CMPs.
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investigation, transmission electron microscopy (TEM)
analyses were conducted on these Try-based CMPs [Figure
6e−h]. The TEM results revealed that these materials lacked
an orderly pore arrangement, suggesting that they possessed
amorphous structures with irregularly shaped pores.
Electrochemical Performance of the Try-Based CMPs. The

current response of Try-based CMPs was investigated through
cyclic voltammetry (CV) at various scan rates, including 5, 10,
30, 50, 70, 100, and 200 mV s−1. The CV measurements

revealed that all four Try-based CMP electrodes exhibited
quasi-rectangular shapes with a slightly embedded redox peak,
as illustrated in Figure 7a−d. This observation suggests that
these four electrodes possess a combination of properties
characteristic of both an electrostatic double-layer capacitor
(EDLC) and a pseudocapacitor.
Furthermore, Figure 8a−d presents the results of galvano-

static charge−discharge (GCD) tests conducted at a range of
current densities, specifically 0.5, 1, 2, 3, 5, 7, 10, 15, and 20 A

Figure 6. SEM and TEM images of the (a, e) Try-PyT, (b, f) Try-PyT-BT, (c, g) Try-TPET, and (d, h) Try-TPET-BT CMPs.

Figure 7. (a−d) CV curves of the (a) Try-PyT, (b) Try-PyT-BT, (c) Try-TPET, and (d) Try-TPET-BT CMPs.
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g−1. By analyzing the GCD test data, the capacitance values of
the different electrodes were calculated.
For Try-PyT, Try-PyT-BT, Try-TPET, and Try-TPET-BT

CMPs, the maximum capacitance was observed at a current

density of 0.5 A g−1, with values of 66, 116, 100, and 157 F g−1,
respectively (Figure 9a). Notably, the CMP containing 1,3-
benzothiadiazole (BT) exhibited higher capacitance at every
current density, despite having a lower surface area as indicated

Figure 8. (a−d) GCD curves of the (a) Try-PyT, (b) Try-PyT-BT, (c) Try-TPET, and (d) Try-TPET-BT CMPs.

Figure 9. (a) Capacitance performance and (b) Ragone plot of the Try-PyT, Try-PyT-BT, Try-TPET, and Try-TPET-BT CMPs.
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by the BET analysis. The incorporation of nitrogen-rich
polymers with conjugated skeletons in supercapacitors has
been found to enhance their electrochemical properties,
particularly in high-surface-area polymers. Polymers with
porous structures provide an extensive surface area, creating
numerous active sites for charge storage, while the conjugated
skeleton enhances electrical conductivity by promoting
electron delocalization. The supercapacitor’s total electro-
chemical performance is enhanced by the quicker electron
transport made possible by the greater conductivity.
Furthermore, the presence of pseudocapacitive sites in the
nitrogen-rich structure of these polymers is essential for
improving their electrochemical characteristics.69,70 These
nitrogen-doping sites experience reversible redox reactions,
which increase the supercapacitor’s total capacitance and
energy density. These CMPs display outstanding electro-
chemical capabilities due to their large surface area, conjugated
structure, and nitrogen doping. These Try-based CMPs show a
lot of potential for cutting-edge supercapacitor applications
due to their high capacitance, outstanding rate capability, and
longer cycle stability. They provide a number of benefits and
point the way toward the creation of high-performance
supercapacitor materials. A Ragone plot was constructed to
compare the power density versus energy density for different
supercapacitor electrode materials, and Figure 9b illustrates
that the Try-TPET-BT CMP exhibits the highest energy
density, reaching up to 22 Wh kg−1 within the potential range
of 1.0 V. This finding highlights the potential of Try-TPET-BT
CMP as a promising material for supercapacitor devices. Since
the primary objective of this work is to provide a super-

capacitor electrode material, it is crucial to consider good
capacitance retention and stability over extended periods.
To assess this, stability and capacitance retention were

evaluated after subjecting Try-PyT, Try-PyT-BT, Try-TPET,
and Try-TPET-BT CMPs to 2000 GCD cycles, as demon-
strated in Figure 10a−d. The results indicate that the
capacitance retention after the cycling test remains high with
values of 95, 94, 97, and 95%, respectively, for the four CMPs.
The observed durability and stability of the polymer network
composite, particularly the Try-TPET-BT CMP, in KOH
electrolyte conditions without pulverizing or swelling are
significant advantages. Despite a slight decrease in capacitance
retention due to the combination of two monomers in the
CMP composite, the overall performance remains commend-
able. Comparing these results with other porous organic
polymers, as summarized in Table S1, it is evident that Try-
TPET-BT CMP exhibits better performance, making it a
promising candidate for practical supercapacitor applications.
In addition to this, electrochemical impedance spectroscopy

(EIS) was used further to study the electrochemical character-
istics of these porous materials. EIS is useful to understand its
impedance as a function of frequency as well as other
electrochemical characteristics, such as capacitance and
resistance. The Nyquist plots for Try-PyT and Try-PyT-BT,
as well as for Try-TPET and Try-TPET-BT CMPs, are shown
in Figure 11a,b, respectively, before and after fitting. The series
resistances of the Try-PyT, Try-PyT-BT, Try-TPET, and Try-
TPET-BT CMPs were calculated from the EIS data as 14.32,
10, 18.87, and 19.9 Ω, respectively. These series resistances
were nearly identical, indicating similar electrochemical

Figure 10. (a−d) Capacitance retention of the (a) Try-PyT, (b) Try-PyT-BT, (c) Try-TPET, and (d) Try-TPET-BT CMPs.
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reactions occurring at the surfaces of these electrode materials.
Nevertheless, a noticeable difference was seen in the charge
transfer resistances of these electrodes. Try-PyT, Try-PyT-BT,
Try-TPET, and Try-TPET-BT CMPs exhibited charge transfer
resistances of 133.2, 71.37, 7795, and 41.43 Ω, respectively.
Try-TPET-BT CMP is shown to have the lowest charge
transfer resistance of all of the electrodes, making it the most
conductive of the four CMPs. The frequency-dependent
magnitude Bode plots are shown in Figure 11c, where they
show negative slopes at low frequencies and significant
resistance at higher frequencies. Considering that all of these
porous materials may be employed as electrode materials for
energy storage applications, it is possible that they all exhibit
extraordinary capacitive behavior. The frequency-dependent
phase-angle Bode graphs for the porous electrodes are
displayed in Figure 11d. These figures clearly depict the knee
frequencies, which represent the electrode material’s rate
performance. When the phase angle approaches 45°, the knee
frequency occurs, denoting an equal proportion of capacitive
and resistive behaviors. For Try-PyT, Try-PyT-BT, Try-TPET,
and Try-TPET-BT CMPs, the knee frequencies were found to
be 81.44, 223.48, 2584.85, and 982.37 Hz, respectively.
Conclusively, all of the electrodes showed significant knee
frequencies, showing their potential as electrode materials for
energy storage. The EIS suggests that all of these porous

materials possess comparable electrochemical properties,
especially Try-TPET-BT CMP, which displayed the lowest
charge transfer resistance with enhanced rate performance.

■ CONCLUSIONS
We successfully synthesized four Try-based CMPs using a one-
step Sonogashira coupling reaction with PyT, TPET, and BT-
Br2 units. These CMPs exhibited exceptional thermal stability
and porosity properties. Notably, the Try-PyT CMP displayed
an impressive surface area of 613 m2 g−1, surpassing those of all
other CMPs. On the other hand, the Try-TPET CMP
demonstrated the highest thermal stability, achieving a char
yield of 70 wt % and a Td10 value close to 400 °C. Regarding
electrochemical properties, the highest capacitance values were
observed at 0.5 A g−1 for each CMP: 66 F g−1 for Try-PyT, 116
F g−1 for Try-PyT-BT, 100 F g−1 for Try-TPET, and an
impressive 157 F g−1 for Try-TPET-BT. These results indicate
that the overall performance of these porous Try-CMPs is
strongly linked to their surface area. Surprisingly, a notable
shift was observed in the connection between the BET surface
area and electrochemical performance. This suggests that the
impact of heteroatoms becomes the primary influencer on the
electrochemical characteristics of these substances. In their role
as energy storage components, these electrode materials
exhibited exceptional capacity preservation and remained

Figure 11. Nyquist plots of (a) Try-PyT and Try-PyT-BT and (b) Try-TPET and Try-TPET-BT CMPs before and after fitting. (c) Bode plots of
frequency-dependent resistance (magnitude). (d) Bode plots of frequency-dependent phase angles for Try-PyT and Try-PyT-BT, Try-TPET, and
Try-TPET-BT CMPs.
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thermally stable throughout 2000 charge−discharge cycles.
These results underscore the promise of Try-based CMPs as
exceptional materials for energy storage in supercapacitors,
indicating a positive outlook for their real-world utilization.
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