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We successfully synthesized two different kinds of hyper-crosslinked porous organic polymers (CPOPs) based on
tetraphenylanthraquinone units by a reaction of 9,10-bis(diphenylmethylene)- 9,10-dihydroanthracene (An-4Ph)
as the building unit with formaldehyde dimethyl acetal and 2,4,6-trichloro-1,3,5-triazine as two external
crosslinkers by using a simple and friendly one-step Friedel—Crafts polymerization in the presence anhydrous
FeCl; as a catalyst to afford An-CPOP-1 and An-CPOP-2 as a black solid with high yield, respectively. Fourier-
transform infrared (FTIR) and NMR spectroscopy were confirmed the chemical structures of the synthesized
monomers and the corresponding polymers. Both An-CPOP-1 and An-CPOP-2 showed amorphous character,
outstanding thermal stability, and high BET surface area (up to 1000 m?/g) with microporosity and mesoporosity
architectures based on XRD, TGA analyses and N; adsorption/desorption measurements. Interestingly, TEM and
SEM images revealed that An-CPOP-1 had regular tubular nanotubes structure without using template or sur-
factant or carbonization at the elevated temperature. The as-prepared An-CPOP-2 exhibited a high specific
capacitance of 98.4 F g™! at a current density of 0.5 A g~! and excellent cycling stability (95.3% capacitance
retention over 2000 cycles), which could be used as good material for energy storage application.

1. Introduction porous organic polymers, including porous aromatic frameworks (PAFs)

[19], porous polymer networks (PPNs) [20], covalent triazine frame-

Over the past decade, porous organic polymers (POPs) are type and
emerging porous materials and have much attracted and attention in
both academic and industry areas [1-4]. Because of their amazing
properties such as low regeneration energy, synthetic diversity, large
specific surface area, large pore volume, excellent thermal and chemical
stability, facile functionalization, high porosity, diverse composition,
and low density [5-9]. Due to their unique characters, POPs have been
applied in many great potential applications such as biomedical, pho-
tovoltaics, energy storage, gas capture and separation, optical devices,
photocatalysis, and sensors [10-18]. There are several categories from

works (CTFs) [21,22], covalent organic frameworks (COFs) [23-30],
polymers of intrinsic microporosity (PIMs) [31], conjugated micropo-
rous polymers (CMPs) [32,33], hypercrosslinked porous polymers
(HCPs) [34,35], and porous benzimidazole linked polymers (BILPs) [36,
371]. As mentioned above, hypercrosslinked porous polymers (HCPs) are
considered as a subclass of porous organic polymers (POPs) and
remained important kinds of POPs because of their advantages including
easy functionalization, judicious selection of monomers, high surface
area, controlled reaction conditions, different synthetic categories,
outstanding thermal stability, low-cost reagents, excellent chemical

* Corresponding author. Department of Materials and Optoelectronic Science, Center of Crystal Research, National Sun Yat-Sen University, Kaohsiung, Taiwan.

E-mail address: kuosw@faculty.nsysu.edu.tw (S.-W. Kuo).

https://doi.org/10.1016/j.polymer.2020.122857

Received 19 June 2020; Received in revised form 22 July 2020; Accepted 25 July 2020

Available online 30 July 2020
0032-3861/© 2020 Elsevier Ltd. All rights reserved.


mailto:kuosw@faculty.nsysu.edu.tw
www.sciencedirect.com/science/journal/00323861
https://http://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2020.122857
https://doi.org/10.1016/j.polymer.2020.122857
https://doi.org/10.1016/j.polymer.2020.122857
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2020.122857&domain=pdf

M.G. Mohamed et al.

robustness, and appropriate length crosslinkers to produce porous to-
pology with a well-developed polymer framework [38-46]. There are
three approaches to prepare HCPs: (i) one-step polycondensation of
functional monomers; (ii) knitting rigid aromatic building blocks (such
as benzene, anthracene, carbazole, naphthalene, and triphenylamine)
with external crosslinkers and (iii) using post-crosslinking polymer
precursors [38,43,47]. Therefore, by using these approaches to synthe-
size new HCPs with various pore architectures and high surface area to
solve the environmental and energy issue [43]. Friedel-Crafts chemistry
method is mainly used to prepare HCPs and this method provides a fast
kinetic to form strong linkages and obtained a highly crosslinked
network with adjusted porous topology [48-51]. As previously reported,
the final skeleton construction of the final products of HCPs with the
difference in the surface area and porosity can be controlled and
adjusted by different rigidity and length of different linking units [40].
Davankov et al. prepared the first type of HCPs by post-crosslinking
polystyrene through a Friedel-Crafts alkylation reaction and these ma-
terials displayed a high BET specific surface area up to 2090 m? g ! [51].
Zou et al. prepared HCPs based on 9-phenylcarbazole (9-PCz) and these
porous polymers exhibited narrow pore size distribution, high total pore
volume, and BET specific surface areas were up to 769 m> g’1 [52].
Interestingly, Jiang et al. used different aromatic hydrocarbons
(anthracene, pyrene, phenanthrene, and benzene) and their reaction
with formaldehyde dimethyl acetal in the absence of any surfactant and
template in the presence anhydrous FeCl; as a catalyst to afford a series
of 1D hyper-crosslinked polymer nanotubes (HCPTs). Then, they used
direct carbonization of these 1D tubular HCPTs to afford high-quality
PCNTs with high surface area (921 m? g’l) [53]. These HCPs are
interesting materials for supercapacitor applications and CO, storage
due to its huge surface area, hierarchical porous structure; as well as
facile and cost-effective preparation processes [16,34,40]. Regardless of
the great progress in synthetic approaches, there are few reports on the
supercapacitor performance of HCPs due to the lack of extended
r-conjugated systems in HCP networks [54]. The supercapacitor per-
formance of HCPs can be improved by two routes, the first route is based
on using various building blocks for improving the surface area and
pore-size distribution [5,43,45,53]. While, the second route relies on the
heteroatoms doping (e.g. S, B, P, and N) in the carbon framework to
enhance the electronic conductivity and electroactive surface area of the
electrode [21-27]. In this regard, Wang et al. reported the synthesis of
HCP nanotubes (HCPTs) using different aromatic building blocks (e.g.,
benzene, anthracene, phenanthrene, and pyrene) [53]. The
benzene-based porous carbon nanotube (PCNT-B) showed a specific
capacitance of 172 F g~! at a current density of 0.5 A g~, which could
remain 76.2% (131.4 F g™1) at a high current density of 30 A g”!. In
addition, Lu et al. reported the synthesis of a series of N, S-doped hier-
archically porous carbon (N, S-MC) derived by a hypercrosslinked
polymerization approach [55]. The N, S-MC based electrode exhibited a
specific capacitance of 464 F g~ at 0.2 A g~!, a high energy density of
16.2 W h kg ! at 50 W kg~ with capacitance retention of 92% after 10,
000 cycles. In this present study, we successfully prepared two different
kinds of hypercrosslinked porous polymers based on tetraphenylan-
thraquinone units by the reaction of An-4Ph as building unit with
formaldehyde dimethyl acetal and 2,4,6-trichloro-1,3,5-triazine as two
different kinds of external crosslinker by using a simple one-step Frie-
del—Crafts polymerization in the presence FeCl; as a catalyst at 60 °C to
afford An-CPOP-1 and An-CPOP-2 as a black solid with high yield. We
carried out different measurements including FTIR and NMR spectros-
copy to prove the chemical structures of the synthesized monomers and
polymers. The thermal stability, crystallinity properties, morphology,
and porosity of the synthesized HCPs based on tetraphenylan-
thraquinone units were investigated by X-ray diffraction (XRD), ther-
mogravimetric analysis (TGA), transmission electron microscopy (TEM),
scanning electron microscopy (SEM) and Ny adsorption/desorption
isotherm measurements. Finally, we performed electrochemical ana-
lyses to estimate their potential application as electrode materials for
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energy storage performance. It is the first report to study and present the
electrochemical performance of hyper-crosslinked porous polymers
based on tetraphenylanthraquinone units.

2. Experimental section
2.1. Materials

Anthracene-9,10-dione, carbon tetrabromide (CBr4), triphenylphos-
phine (PPhs), phenylboronic acid, tetrakis(triphenylphosphine)palla-
dium (Pd(PPhs3)s), anhydrous ferric chloride (FeCls), methanol
(CH30H), tetrahydrofuran (THF), potassium carbonate (K2COs), hy-
drochloric acid (HCl, 37%) and 2,4,6-trichloro-1,3,5-triazine were pur-
chased from Sigma Aldrich. formaldehyde dimethyl acetal (FDA),
tetrahydrofuran (THF), toluene, dichloromethane (DCM), 1,2-dichloro-
ethane, and acetone were purchased from Acros.

2.2. Synthesis of 9,10-bis(dibromomethylene)-9,10-dihydroanthracene
(An-4Br) [56]

In a 250 mL two neck-bottle flask, anthracene-9,10-dione (3.00 g,
14.41 mmol), carbon tetrabromide (23.90 g, 91.12 mmol) and triphe-
nylphosphine (15.00 g, 45.23 mmol) was added. Then, the dry toluene
(210 mL) was added into the flask and the mixture was cooled to —10 °C
using ice bath and acetone. The reaction mixture was stirred for 1 h at
—10 °C and then removed the ice bath and stirred at 80 °C for 24 h under
Ny atmosphere. After that, the insoluble material was removed by vac-
uum filtration. Then, the organic layer was evaporated by rotatory
evaporator and recrystallization by methanol to afford a white solid. The
solid powder was filtrated and dried under vacuum at 50 °C for 24 h to
afford An-4Br (6.37 g, 85%). FTIR (KBr, cm_l): 3067 (w, C-H), 1584 (m,
aromatic C=C), 1562 (m, aromatic C—=C), 1448, 1180, 1160, 1046, 934,
833, 765, 733, 637 and 615 cm L. 'H NMR (500 MHz, CDCls), § (ppm):
7.81-7.83 (m, 4H) and 7.26-7.28 (m, 4H). 13C NMR (125 MHz, DMSO-
de): 6 (ppm) = 139.80, 135.95, 128.14, 91.44.

2.3. Synthesis of 9,10-bis(diphenylmethylene)-9,10-dihydroanthracene
(An-4Ph)

In a 250 mL two neck-bottle flask, An-4Br (1.00 g, 1.92 mmol),
phenylboronic acid (1.88 g, 15.42 mmol), tetrakis(triphenylphosphine)
palladium (Pd(PPhs)4), (0.22 g, 0.19 mmol) and potassium carbonate
(K2CO3, 2.13 g, 15.41 mmol) were dissolved in dry THF/H20 (50/20
mL) and refluxed at 80 °C for 48 h. After that, the system was cooled to
the room temperature and the insoluble material was removed by vac-
uum filtration. The organic layer was evaporated by the rotatory evap-
orator. Then, 200 mL H,0 and 2 mL HCI (37%) were poured into the
mixture and the obtained solid powder was filtrated and washed using
water. Finally, the crude product added into methanol companies with
vigorous stirring for 1 h at room temperature and a white solid was
filtrated to afford An-4Ph (1.12 g, 93%). FTIR (KBr, cm ™ ): 3055 (aro-
matic C-H), 1597, 1571, 1486, 1440, 1284, 1070, 1028, 747, 705, 617,
591 cm ™. 'H NMR (500 MHz, DMSO-dg), § (ppm): 7.41 (d, J = 8.20 Hz,
8H), 7.28 (t, J = 7.54 Hz, 8H), 7.18 (t, J = 7.54 Hz, 4H), 6.98 (m, 4H)
and 6.71 (m, 4H). '3C NMR (500 MHz, DMSO-dg), § (ppm): 143.20,
140.54, 138.45, 136.28, 130.35, 128.86, 125.77, 125.5.

2.4. Synthesis of An-CPOP-1

In a 150 mL two neck-bottle flask, An-4Ph (0.60 g, 1.18 mmol),
formaldehyde dimethyl acetal (0.62 mL, 7.00 mmol) and anhydrous
FeCls (1.14 g, 7.03 mmol) were added in 40 mL of dry 1.2-dichloro-
ethane and the reaction mixture was refluxed for 24 h under N, atmo-
sphere. The black solid was filtrated and washed using water, methanol,
acetone, and THF to afford An-CPOP-1 (0.52 g, 80%). FTIR (ecm™1): 3430
(OH stretching), 3059 (CH aromatic), 2920, 2864 (CH aliphatic), 1601
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Scheme 1. Synthetic route to (d) An-CPOP-1 and (e) An-CPOP-2 via Friedel-Crafts alkylation polymerization reaction from (a) anthracene-9,10-dione, (b) An-4Br
and (c) An-4Ph.
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Fig. 1. (A) 1H NMR spectra of (a) An-4Br and (b) An-4Ph. (B) 3¢ NMR spectra of (¢) An-4Br and (d) An-4Ph in DMSO-de.
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Fig. 2. FT-IR spectra of (a) An-4Br, (b) An-4Ph (c) An-CPOP-1 and (d) An-CPOP-2, recorded at room temperature.

(C=C), 1082 (C-0), 770 (CH bending).'3C solid-state CP/MAS NMR
(ppm, 6) = 114.31, 119.95, 102.25 (aromatic), 71.32 (CHy).

2.5. Synthesis of An-CPOP-2

In a 150 mL two neck-bottle flask, An-4Ph (0.50 g, 0.98 mmol) and
2,4,6-trichloro-1,3,5-triazine (0.6 g, 3.25 mmol) and ferric chloride

Aromatic
1

(FeCls, 0.77 g, 4.72 mmol) was added. Then, the flask was evacuated of
the air under vacuum and filled with dry nitrogen three times. Then, dry
1.2-dichloroethane (30 mL) was added into the flask and the reaction
refluxed for 24 h under a N3 atmosphere. Then, the reaction mixture was
cooled to room temperature and the solid powder was filtrated and
washed with water, methanol, acetone, and THF. Finally, the crude
product was added into methanol and vigorously stirred for 1 h at 70 °C.
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100
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Fig. 3. 13C CP/MAS NMR spectra of (a) An-CPOP-1 and (b) An-CPOP-2, recorded at room temperature. Asterisks denote spinning sidebands.
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Fig. 4. Thermal stability of (a) An-4Ph, (b) An-CPOP-1, and (c) An-CPOP-2 by
TGA analyses.

Then, the black solid was filtrated to afford An-CPOP-2 (0.51 g, 75%).
FTIR (cm’l): 3430 (OH stretching), 3059 (CH aromatic), 1601 (C=C),
1385 (C-N), 770 (CH bending). '3C solid-state CP/MAS NMR (ppm, ) =
163.96 (C—=N), 145.29, 114.39, 102.78 (aromatic).

(a)
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3. Results and discussion
3.1. Synthesis of An-CPOP-1 and An-CPOP-2

Scheme 1 summarizes the synthetic route of two kinds of
tetraphenylanthraquinone-based porous organic polymers via the Frie-
del-Crafts alkylation reaction of An-4Ph with formaldehyde dimethyl
acetal (FDA) and 2,4,6-trichloro-1,3,5-triazine as external crosslinking
agents in the presence anhydrous FeCls as a catalyst. First, anthracene-
9,10-dione reacts with CBr4 in the presence of triphenylphosphine
(PPh3) as a catalyst to afford An-4Br. Then, An-4Ph has obtained by a
reaction of phenylboronic acid with An-4Br in THF/H»0 as co-solvent
and Pd(PPh3), as a catalyst using Suzuki-Miyaura coupling reaction to
afford An-4Ph as a white solid with high yield and purity.

The chemical structures of An-4Br and An-4Ph were confirmed by
spectroscopic analyses (NMR and FTIR). Fig. 1 displays 'H and *C NMR
spectra of An-4Br and An-4Ph in DMSO-dg as a solvent. The character-
istic proton signals of An-4Br (Fig. 1(A)(a)) appeared at 7.83 and 7.28
ppm corresponding to aromatic protons. The 'H NMR spectrum of the
An-4Ph features signals at 7.42, 7.29, 7.21, 6.99, and 6.73 ppm for the
aromatic protons, as shown in the (Fig. 1(A)(b)). The 3¢ NMR spectrum
of An-4Br (Fig. 1(B)(c)) reveals signals at 139.80, 135.95, 128.14, and
91.44 ppm for its aromatic carbon nuclei. While, The *C NMR spectrum
of An-4Ph (Fig. 1(B)(d)) features signals at 143.22, 138.46, 130.35, and
128.87 ppm for the aromatic nuclei and 127.29 and 125.76 ppm for the
C=C carbon nuclei, respectively.

The FTIR spectrum of An-4Br (Fig. 2(a)) shows the absorptions bands
at 3067 cm™! for the stretching C-H aromatic, 1584, 1562 em ! for
C=C stretching and 637 cm ™! for C-Br stretching. The absorption signal
for C-Br stretching disappeared and characteristic absorptions for An-
4Ph (Fig. 2(b)) appeared at 3055 cm~! for aromatic C-H units, indi-
cating the successful synthesis of An-4Ph. The absorption bands for the
An-CPOP-1 (Fig. 2(c)) appear at 3059 cm ™ for aromatic C-H stretching
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Fig. 5. (a) N, adsorption/desorption isotherms and (b) of pore size distribution curves calculated by NL-DFT method of An-CPOP-1 and An-CPOP-2, recorded at 77 K.

Inset, TEM images of (c) An-CPOP-1 and (d) An-CPOP-2, respectively.
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Fig. 6. (a) The proposed mechanism of tubular structure formation of An-CPOP-1, (b) TEM, and (c) SEM image of An-CPOP-1.

vibrations and 2920 and 2864 cm™! which is assigned to the aliphatic
C-H for CH, units and 1082 cm™! for C-O stretching vibration (O-CHjs
units) in An-CPOP-1 [54]. The spectrum of An-CPOP-2 (Fig. 2(d)) fea-
tures characteristic absorptions bands at 1715 cm ™" for C=N stretching
and 1385 cm ™ for (C-N), indicating the presence of a triazine unit in the
An-CPOP-2 network [57-59]. The overlapping and broader peak from
3100 to 3700 cm ™! was attributed to the stretching vibrations of the
adsorbed H20 by porous An-CPOP-1 and An-CPOP-2 materials.

To further confirm the successful synthesis of An-CPOP-1 and An-
CPOP-2, we carried out the solid-state *C CP/MAS NMR measure-
ments (Fig. 3). The solid-state *C NMR spectrum of the An-CPOP-1
(Fig. 3(a)) features signals at 141.31, 119.95, 102.25, and 71.32 ppm
for its substituted phenyl carbons bonding to other aromatic rings,
unsubstituted phenyl carbons and CH; carbon nuclei, respectively [60].
In Fig. 3(b), the characteristic signals for An-CPOP-2 appeared at
163.96, 145.39, 114.01, and 102.78 ppm for the carbon atoms in the
triazine unit, and the aromatic carbon nuclei, respectively. Overall, the
FTIR and NMR spectral data confirmed the successful incorporation of
dimethoxymethane and 2,4,6-trichloro-1,3,5-triazine as external cross-
linking agents and synthesis of tetraphenyl anthraquinone-based porous
organic polymers [An-CPOP-1 and An-CPOP-2] with good yield.

Thermal stability of An-4Ph, An-CPOP-1, and An-CPOP-2 was
examined by using thermogravimetric analysis (TGA) under an Ny at-
mosphere, as presented in Fig. 4 and Table S1. We used Tqgs (5% weight-
loss temperature), Tq10 (10% weight-loss temperature), and char yield to
investigate thermal stability for these materials. An-4Ph exhibited
degradation temperatures of 219 and 247 °C, respectively, and a char
yield of 1.4 wt%. While, An-CPOP-1 and An-CPOP-2 showed high
decomposition temperatures at 329, 410 °C, and 460, 595 °C,

respectively. Furthermore, the polymer residue of An-CPOP-1 and An-
CPOP-2 was 65 and 82 wt%, respectively, at 800 °C. It is worth
mentioning that An-CPOP-2 showed excellent thermal stability
compared to An-CPOP-1 and An-4Ph which is attributed to the presence
of triazine units and its rigid fused aromatic structure. Overall, An-
CPOP-1 and An-CPOP-2 displayed outstanding thermal stability
compared to other porous organic polymers [60].

The textural properties including porosity and BET specific surface
area of An-CPOP-1 and An-CPOP-2 were determined by using Ny
adsorption and desorption measurements at 1 bar, as presented in Fig. 5
(a). Based on the IUPAC classification, The BET isotherms profile of An-
CPOP-1 and An-CPOP-2 exhibited type I and type IV and increase Ny
uptake at low pressure which presenting the presence microporous
structure of these materials. Also, there is a hysteresis loop at a relatively
high-pressure region demonstrating the existence of mesoporosity na-
ture for An-CPOP-1 and An-CPOP-2. Fig. 5(b) displays the pore size
distribution curves of An-CPOP-1 and An-CPOP-2 which obtained by
using nonlocal density functional theory (NLDFT), respectively. The
obtained results reveal that An-CPOP-1 possess pore size diameters in
the range of 0.38-1.91 nm. While the width of the pores for An-CPOP-2
was appeared at 0.48, 1.05, 1.35, 1.93, 2.74, and 4.01, respectively.
Finally, the Brunauer— Emmett—Teller (BET) surface areas for An-
CPOP-1 and An-CPOP-2 were 580 and 1130 m? g~! with total pore
volumes of 0.44 and 1.02 cm® g1, respectively. We found that the
specific surface area for An-CPOP-2 (1130 m? g’l) is lower than that of
the other reported organic porous polymers such as the
tetraphenylethylene-based HCPs (1980 m? g™1), porous organic frame-
works based on carbazole (2065 m? g~1), tetraphenylmethane-based
HCPs (1679 m?> g‘l), and higher than that the HCPs based on
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Fig. 7. (a, b) CV and (c, d) GCD profiles, recorded in 1 M KOH, of the (a, ¢) An-CPOP-1, and (b, d) An-CPOP-2.

binaphthol (1015 m? g~1), porous organic polymer TSP-2 functionalized
with triazine and carbazole units (913 m? g’l) and HCP networks [5,
61-64] which might to the presence hierarchical porous structure and
abundant mesoporous and microporous in the An-CPOP-2 networks.

TEM images (Fig. 5(c) and (d)) of An-CPOP-1 and An-CPOP-2 dis-
played these materials contain pores structure. the powder-X-ray-
diffraction profile (Fig. S1) displayed the abroad diffractions peaks at
13°,19° and 41.70° for An-CPOP-1 and An-CPOP-2 showed three broad
diffractions peaks at 12.70°, 20.17° and 43°, which indicating that An-
CPOP-1 and An-CPOP-2 had amorphous nature. The morphology and
microstructure of An-CPOP-1 and An-CPOP-2 were examined by trans-
mission electron microscopy (TEM) and scanning electron microscopy
(SEM). The morphology of An-CPOP-1 (Fig. 6(b) and (c)) showed
nanotubes structures and the tubular surface was smoother. We attempt
to explain the specific nanotube-like morphology for An-CPOP-1 [seen
by SEM and TEM], as displayed in Fig. 6(a-c). Some studies revealed that
anisotropic shape morphology originated from the geometries different
during the formation of polymer network structures. Also, they discov-
ered the solvents and geometries which are used for polymerizations
have a strong effect on the morphology structure for the obtained
polymers [60,65,66]. As shown in Fig. 6(a), the chemical structure of
An-CPOP-1 contains a flexible cross-linkers and its flat geometry. Thus,
the network of polymer chains of An-CPOP-1 has the freedom to move
which leads to forming regular tubular structures. Furthermore, these
flexible cross-linkers connected to tetraphenylanthraquinone units
which undergo to form a 1D connection, and then interconnection of 1D
chains. In contrast, the polymer chains of An-CPOP-2 possess were more
rigid cross-linkers and leading to restrict the moving polymer chains and
finally obtained agglomerated spherical morphology as displayed in
SEM image (Fig. S2).

CO; uptake performance (Fig. S3 and Table S2) of the An-CPOP-1
and An-CPOP-2 was investigated using COy isotherms measurements
at 298 and 273 K, respectively. AT 273 K, both An-CPOP-1 and An-
CPOP-2 show CO; capture of 1.40 and 1.52 mmol/g, respectively. At
298 K and 1 bar, the CO2 uptake for An-CPOP-1 and An-CPOP-2 was
1.30 and 1.40 mmol/g, as observed in Fig. S3(a), An-CPOP-2 showed
excellent CO, uptake value (1.52 mmol/g) than that An-CPOP-1 (1.40
mmol/g) probably due to its high BET surface area, large pore size and
existence the triazine units in An-CPOP-2, which could also lead to good
interaction and binding affinity between CO3 molecules and N atoms in
triazine rings. Our materials feature lower value of CO2 uptake capacity
compared with other HCPs materials under the same temperatures, for
example, hypercrosslinked porous polymers (HCPs) based on tetraphe-
nylethylene (3.63 mmol/g), triphenylbenzene (3.61 mmol/g), tetra-
phenylmethane (2.27 mmol/g), binaphthol-based BINOL (3.96 mmol/
g), porous organic frameworks based on carbazole (4.77 mmol/g), PPF-1
(6.1 mmol/g), polythiophene-based Th-1 (2.89 mmol/g), and porous
functionalized TSP-2 with triazine units (4.1 mmol/g) [5,60-64].
Interestingly, our materials still exhibited higher CO5 uptake than that of
the silole based HCPs (e.g. 1.02 mmol/g for PDMTPAS and 1.04 mmol/g
for PDPTPAS at 298 K) and 1.44 mmol/g for C2M1-Al at 273 K) [67,68]
which could be attributed to the higher BET surface area, pore-volume,
and strong dipole—quadrupole interactions between the An-CPOPs ma-
terials with the CO5 molecules.

3.2. Electrochemical results
Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)

have been used to examine the electrochemical performances of our An-
based CPOPs in a three-electrode system with 1 M KOH as the aqueous
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Fig. 8. Corresponding specific capacitances of An-CPOP-1 and An-CPOP-2
determined at various current densities.

electrolyte. Fig. 7a and b display the corresponding CV curves of An-
CPOP-1 and An-CPOP-2, respectively, recorded at various sweep rates
from 5 to 200 mV s ! in the potential window from +0.50 to —1.00 V
(vs. Hg/HgO). The An-CPOP-2 provided a relatively higher current
density compared to that of An-CPOP-1. The corresponding CV curves of
these two CPOPs samples had rectangle-like shapes featuring humps,
indicating that this capacitive response originated from electric double-
layer capacitance (EDLC) [25,53,69,70]. The distinct appearance of
humps in the rectangle-like shape is an indication of pseudocapacitance
arising from the presence of the electroactive methylene groups, and the
nitrogen heteroatoms in the case of An-CPOP-2 [25,27,55]. Moreover,
the current density increased upon increasing the sweep rate, while the
shape of the CV curve was retained (Fig. 7a and b), indicating a good rate
capability and facile kinetics. Fig. 7c and d present the GCD curves of the
An-CPOP-1 and An-CPOP-2, respectively, measured at various current
densities from 0.5 to 20 A g~ 1. These GCD curves had triangular shapes
featuring a slight bend, suggesting both pseudocapacity and EDLC
characteristics [20,22] The discharging time of the An-CPOP-2 was
longer than that of the An-CPOP-1 (Fig. 7c and d), indicating that the
capacitance of the former was larger than that of the latter.

We used equation (S1) to determine the specific capacitances from
the GCD curves (Fig. 8). The specific capacitance of the An-CPOP-2
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(98.40 F g’l) was larger than that of the An-CPOP-1 (72.75 F g’l) at
a current density of 0.5 A g~1. This excellent performance of the An-
CPOP-2 was due to its higher surface area (1130 m? g~!) and pore
volume (1.02 cm® g’l), along with its heteroatoms, all of which made it
easier for the electrolytes to access the surface of the electrode [71].
Peng et al. reported hollow ordered mesoporous carbon nanospheres
(HOMCNSs) having a capacitance of 72.79 F g ! at 0.5 A g™! [72]. In
addition, Liu et al. reported TpPa-COF/PANI composited exhibiting a
capacitance of 95 F g’1 at 0.2 A g’l [73]. Moreover, DAAQ-TFP COF
showed capacitance of approximately 48 F g~ 'at 0.1 A g~ that did not
decrease significantly after 5000 cycles [74]. Recently, our group re-
ported the Car-TPA, Car-TPP, and Car-TPT COFs with capacitances of
13.6,14.5,and 17.4 F g’l, respectively, at 0.2 A g’1 [75]; as well as the
TPA-COF-1, TPA-COF-2, TPA-COF-3, TPT-COF-4, TPT-COF-5, and
TPTCOF-6 with capacitances of 51.3,14.4, 5.1, 2.4, 0.34, and 0.24 F g’l,
respectively, at 0.2 A g~! [28]. Furthermore, Khattak et al. reported a
DAB-TFP COF having a capacitance of 98 F g~ ! at 0.5 A g~! [76]. Lyu
and his workers reported that the tetraphenylporphyrin based polymer
(HCTPP) possesses a specific capacitance of 179 F g~ [54]. Also,
Thomas et al. reported that 3D polyaminoanthraquinone (PAQ) net-
works displayed a specific capacitance of 576 Fg ' at 1 Ag ' in 0.5 M
H3SO4 [77]. Pang et al. prepared two kinds of conjugated microporous
polymers, TAT-CMP-1 and TAT-CMP-2 based on triazatruxene units, and
these materials showed specific capacitance of 141 F g~ * for TAT-CMP-1
and 183 F g71 for TAT-CMP-2 [78].

Table S3 summarizes the corresponding surface areas and specific
capacitances. We examined the durability of our Anthra-based POPs by
cycling them over 2000 times at 10 A g~ (Fig. 9a and b). These two An-
CPOP-1 and An-CPOP-2 displayed excellent cycling stability, with 98.7
and 95.3% retention, respectively, of their original capacitances after
2000 cycles. The related Ragone plot (Fig. S4) suggested that these two
An-based CPOPs electrodes possessed good energy and power densities.

4. Conclusions

To conclude, we successfully prepared two kinds of CPOPs based on
the tetraphenylanthraquinone units with good yield through one-step
Friedel—Crafts polymerization based on FTIR and NMR spectroscopy.
The as-prepared An-CPOP-2 through the reaction with 2,4,6-trichloro-
1,3,5-triazine exhibited significant supercapacitor performance (up to
98.4 F g1 at a current density of 0.5 A g~1), excellent cycling stability
(95.3% capacitance retention over 2000 cycles), and a high energy
density (30.75 Wh kg™1). This excellent performance of the An-CPOP-2
could be attributed to its higher surface area along with the presence of
the nitrogen heteroatoms (triazine units) which made it easier for the
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Fig. 9. Cycling performance of (a) An-CPOP-1 and (b) An-CPOP-2 measured at a current density of 10 A g~ for 2000 cycles.
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electrolytes to access the surface of the electrode.
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