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Abstract: In this study, we synthesized three hybrid microporous polymers through Heck couplings
of octavinylsilsesquioxane (OVS) with 2,5-bis(4-bromophenyl)-1,3,4-oxadiazole (OXD-Bry), tetrabro-
mothiophene (Th-Bry), and 2,5-bis(4-bromophenyl)-3,4-diphenylthiophene (TPTh-Br;), obtaining
the porous organic-inorganic polymers (POIPs) POSS-OXD, POSS-Th, and POSS-TPTh, respectively.
Fourier transform infrared spectroscopy and solid state '3C and 2°Si NMR spectroscopy confirmed
their chemical structures. Thermogravimetric analysis revealed that, among these three systems, the
POSS-Th POIP possessed the highest thermal stability (Ts: 586 °C; T1g: 785 °C; char yield: 90 wt%),
presumably because of a strongly crosslinked network formed between its OVS and Th moieties.
Furthermore, the specific capacity of the POSS-TPTh POIP (354 F g_l) at05 A g_1 was higher than
those of the POSS-Th (213 F gfl) and POSS-OXD (119 F gfl) POIPs. We attribute the superior electro-
chemical properties of the POSS-TPTh POIP to its high surface area and the presence of electron-rich
phenyl groups within its structure.

Keywords: octavinylsilsesquioxane; porous organic inorganic polymers; thermal stability; cyclic
voltammetry; tetraphenylthiophene; supercapacitor

1. Introduction

Porous organic polymers (POPs) are multidimensional materials featuring strong
covalent bonds among their organic building blocks. They have recently gained pop-
ularity in the field of porous materials because of their low density, high porosity, and
excellent thermal stability [1-10]. POPs have found applications in, for example, energy
storage, lithium-ion batteries, gas separation, nanofiltration, drug carrying, optoelectronics,
photocatalysis, and water treatment [11-28]. They have been synthesized using various
techniques, including Friedel-Crafts, Yamamoto, Schiff base, Sonogashira, Yamamoto,
Heck, and Suzuki reactions [29-42]. Furthermore, POPs comprise many subgroups of ma-
terials, including metal-organic frameworks, conjugated microporous polymers, covalent
organic frameworks, hypercrosslinked polymers, polymers of intrinsic microporosity, and
covalent triazine-based frameworks [20-25]. Hybrid porous materials incorporating poly-
hedral oligomeric silsesquioxane (POSS) units are interesting because of their outstanding
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mechanical and thermal characteristics and high surface areas [42—47]. POSS derivatives are
nanosized compounds having diameters of 1-3 nm, with regulated porosity and defined
structures [48-56]. Many POPs synthesized from POSS derivatives have exhibited remark-
able thermal stabilities, fluorescence characteristics, and surface areas [56—65]. The boom in
wearable and portable electronics has led to tremendous demand for cheap, eco-friendly,
and high-performance energy-storage appliances [66—72]. The most crucial factors for a
high-energy storage system are excellent energy density, safe operation, fabrication from
accessible materials, high durability, and a prolonged life cycle. Although supercapacitors
are energy storage systems that satisfy all these requirements [70-72], their energy densities
have remained lower than those of batteries, thereby limiting their applications to date [73].
Incorporating redox-active groups into carbonaceous substances can enhance the perfor-
mance of supercapacitors, potentially imparting them with functions that combine the
mechanisms of pseudocapacitors and electrical double-layer capacitors (EDLCs) [74,75]. In
this study, we synthesized three new hybrids porous POSS materials displaying excellent
porosity and thermal stability, with potential for use in energy storage. Heck couplings of
octavinylsilsesquioxane (OVS) with 2,5-bis(4-bromophenyl)-1,3,4-oxadiazole (OXD-Bryp),
tetrabromothiophene (Th-Bry), and 2,5-bis(4-bromophenyl)-3,4-diphenylthiophene (TPTh-
Brp) in N,N-dimethylformamide (DMF) in the presence of a Pd catalyst and triethylamine
(Et3N) as the base afforded the porous organic-inorganic polymers (POIPs) POSS-OXD,
POSS-Th, and POSS-TPTh, respectively (Scheme 1). Herein, we describe their chemical
structures, morphologies, pore sizes, thermal stabilities, electrochemical properties, and
CO; capture performance.

DMF/K,CO;/Pd(PPh;),/120 °C
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Scheme 1. Synthesis of the (b) POSS-OXD, (¢) POSS-Th, and (d) POSS-TPTh POIPs through Heck
reactions of (a) OVS.

2. Synthesis Methods
2.1. Materials

Potassium carbonate (K,CO3), sodium bicarbonate (NaHCO3), and OVS were pur-
chased from Alfa Aesar. 4-Bromobenzoyl bromide, hydrazine monohydrate (NH,NH;-H,0),
methanol (MeOH), thiophene (Th), 1,4-dioxane (DO), tetrahydrofuran (THF), acetone, and
DMF were procured from Acros. Benzeneboronic acid [PhB(OH),], palladium
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tetrakis(triphenylphosphine) [Pd(PPh;3)s], copper iodide (Cul), and Et3N were obtained
from Sigma-Aldrich (Darmstadt, Germany).

2.2. N,N'-Bis(4-bromobenzoyl)hydrazine

A solution of 4-bromobenzoyl bromide (3.00 g, 11.3 mmol) and Et3N (3.75 mL,
27.0 mmol) in CHCl3; (50 mL) was cooled in an ice bath. NH,NH,-H,O (0.28 mL) was
added and then the mixture was stirred for 10 h. The resultant white solid was washed
sequentially with water and 10% NaHCOj3 and then dried in an oven for 24 h (Yield: 80%,
Scheme S1a). FTIR (Figure Sla): 3190 (NH), 1650 (C=0) cm~!. 'H NMR (Figure S2a): 10.67
(NH), 7.74-7.85 (ArH) ppm. 13C NMR (Figure S2c¢): 166.21 (C=0), 132.51-127.21 (aromatic
carbon nuclei) ppm.

2.3. 2,5-Bis(4-bromophenyl)-1,3,4-oxadiazole (OXD-Br;)

A mixture of N,N’-bis(4-bromobenzoyl)hydrazine (2.50 g, 6.27 mmol) and POCl3
(74 mL) were heated at 80 °C for 24 h. The mixture was poured into cold water. The
white needles were collected and washed with cold EtOH and water to afford OXD-Br,
(85%) (Scheme S1b). FTIR (Figure S1b): 3086 (C-H aromatic) cm~—!. 'H NMR (Figure S2b):
8.07-7.85 (8H, ArH) ppm. 1*C NMR (Figure S2d): 164.11 (C=N), 133.52-122.66 ppm.

2.4. 2,3,4,5-Tetrabromothiophene (Th-Bry)

Bry (5.3 mL, 0.033 mmol) was added slowly to a solution of Th (2.0 g, 0.023 mmol)
in CHCl; (15 mL) at 0 °C and then the mixture was heated under reflux for 8 h. NaOH
solution (2 M,100 mL) was added and then the mixture was heated under reflux for 8 h. The
solid was filtered off and washed with water and EtOH to give Th-Bry as a white powder
(80%) (Scheme S2). FTIR (KBr, cm~1): 1636 (C=C). 'H NMR (500 MHz, CDCl3, §, ppm,
Figure S3): No peaks detected. 1*C NMR (125 MHz, CDCl3, §, ppm, Figure S4): 116.936,
110.284.

2.5. 2,3,4,5-Tetraphenylthiophene (TPTh)

A mixture of Th-Bry (2.00 g, 1.40 mmol), Pd(PPhs); (0.300 g, 0.0500 mmol), 4-
phenylboronic acid (3.70 g, 6.53 mmol), and K,COj3 (8.30 g, 16.6 mmol) was degassed
three times under a flow of N,. DO (50 mL) and H;O (10 mL) were added and then
the mixture was heated at 90 °C for 48 h. The solution was placed in ice-cold H,O and
neutralized with HCI (2 mL). The solids were filtered off, washed with water and MeOH,
and dried to produce a white powder (Scheme S3). FTIR (KBr, cm~l, Figure S5): 3063 (C-H
aromatic), 1595 (C=C). 'TH NMR (500 MHz, DMSO-d,, 5, ppm, Figure S6): 7.37-6.97 (16H,
CH aromatic). '3C NMR (125 MHz, DMSO-dg, §, ppm, Figure S7): 140.31-127.74 (Th and
aromatic carbon nuclei).

2.6. 2,5-Bis(4-bromophenyl)-3,4-diphenylyhiophene (TPTh-Br,)

A solution of TPTh (5.00 g, 12.8 mmol) and Br; (4.20 g) in CHCl3 (40 mL) was cooled
at 0 °C (ice bath) for 4 h. After evaporation of the solvent, the residue was washed with
EtOH to give a yellow solid (85%) (Scheme S4). FTIR (KBr, cm !, Figure S8): 3047.38 (C-H
aromatic). 'H NMR (500 MHz, DMSO-dg, 8, ppm, Figure S9): 7.37-6.81 (ArH). 13C NMR
(125 MHz, DMSO-dg, o, ppm, Figure S10): 140.87-121.97 (Th and aromatic carbon nuclei).

2.7. POSS-OXD, POSS-Th, and POSS-TPTh POIPs

A mixture of OVS (0.600 g, 0.950 mmol), OXD-Br; (0.700 g, 1.84 mmol) [or Th-Bry
(0.750 g, 1.88 mmol) or TPTh-Br; (0.86 g, 1.57 mmol)], anhydrous K,COj3 (2.09 g, 15.1 mmol),
and Pd(PPhs), (0.0500 g, 0.0430 mmol) in DMF (50 mL) was heated under reflux for 48 h
at 120 °C under Ny. The resulting solid was collected, washed sequentially with MeOH,
acetone, and THEF, then dried in an oven to afford the POSS-OXD POIP (white powder,
0.45 g, 75%) [or the POSS-Th (white powder, 0.55 g, 92%) or POSS-TPTh (yellow powder,
0.51 g, 85%) POIPs].
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3. Results
3.1. Synthesis and Character of POSS-OXD, POSS-Th and POSS-TPTh POIPs

Scheme 1 illustrates the syntheses of the three types of hybrid porous POSS frame-
works: POSS-OXD, POSS-Th, and POSS-TPTh. We prepared OXD-Br, through the reac-
tion of N,N’-bis(4-bromobenzoyl)hydrazine with POCl; at 80 °C (Scheme S1) and Th-Bry
through the reaction of Th with Br, in CHClj3 at 0 °C (Scheme S2). We then obtained TPTh
(Scheme S3) in high purity and yield through Suzuki coupling of Th-Bry with PhB(OH),
in toluene in the presence of Pd(PPhs)s and K,COs. Bromination of TPTh in CH,Cl; in
the presence of Br, afforded TPTh-Br; as a yellow solid (Scheme S4). Finally, we obtained
the POSS-OXD, POSS-Th, and POSS-TPTh POIPs through Heck couplings of OXD-Br,,
Th-Bry, and TPTh-Br,, respectively, with OVS in DMF in the presence of Pd(PPhj3)4, Et3N,
and K,COj at 120 °C for 48 h. These POSS-POIPs (Scheme 1) displayed poor solubility in
all organic solvents, consistent with the successful Heck reactions of the OVS units and the
formation of POSS materials with high degrees of crosslinking.

FTIR spectroscopy revealed the functional groups present in the synthesized porous
POSS-POIP materials (Figure 1). The spectrum of OVS featured absorption bands at 3066,
1600, and 1106 cm ™1, corresponding to the stretching of C=C-H, C=C, and Si-O-5i bonds,
respectively (Figure 1a). The FTIR spectra of OXD-Br,, Th-Brs, TPTh-Br,, POSS-OXD POIP,
POSS-Th POIP, and POSS-TPTh POIP revealed signals for aromatic C-H bonds in the range
3042-3082 cm ™! and for C=C stretching in the range 1600-1640 cm~! (Figure 1b-g). In
addition, the signals for the S5i-O-5i units from all three porous POIPs were wider than that
of OVS, consistent with the formation of crosslinked networks (Figure 1). In addition, the
FTIR spectra of all the POIPs featured bands representing OH groups, resulting from their
absorption of water.

(a) OVS (a) OVS (a) OVS

(b) OXD-Br, (d) Th-Br, ——(f) TPTh-Br,

(c) POSS-OXD POIP Si-0-Si (e) POSS-Th POIP| (g) POSS-TPTh POIP
1-0-91

C=C-H
() (a) (@)
C-H aromatic
C-H aromatic
C-H aromatic
(b) (d) ()

Si-0-Si Si-0-Si Si-0-Si

c=C
i . C-H aromatic
C-H aromatic C-H aromatic
(c) (e) (9)

T T T T T T 1 T T T T T T 1

4000 3000 2000 1000 4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm™)

Figure 1. FTIR spectra of (a) OVS, (b) OXD-Brj, (c) POSS-OXD POIP, (d) Th-Bry, (e) POSS-Th POIP,
(f) TPTh-Bry, and (g) POSS-TPTh POIP, recorded at 25 °C.



Molecules 2022, 27, 6238

50f 15

The solid state 13C NMR spectra of the POIPs (Figure 2a) featured signals for their
carbon nuclei in the ranges 121.7-134.85 ppm for the POSS-OXD POIP, 130.64-133.62 ppm
for the POSS-Th POIP, and 118.42-136.14 ppm for the POSS-TPTh POIP, corresponding
to the aromatic and SiCH=CH carbon nuclei of their framework structures. Solid state
29Si NMR spectroscopy confirmed the presence of POSS units in these POIPs frameworks
(Figure 2b), with signals at —13.5 and —80 ppm assigned to Si=CH; and T3 moieties,
respectively.

@) (b)

T, POSS-OXD POIP
POSS-Th POIP
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c a
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Chemical Shift (ppm)

Figure 2. Solid state (a) 13C and (b) 2°Si NMR spectra of the POSS-OXD, POSS-Th, and POSS-TPTh
POIPs. * is the side band of solid state nuclear magnetic resonance spectroscopy (NMR).

We used TGA to examine the thermal stabilities of the POSS-OXD, POSS-Th, and
POSS-TPTh POIPs (Figure 3a). The thermal decomposition temperatures Ty5 and T419 and
the char yields of the POSS-OXD POIP were 260 °C, 386 °C, and 69 wt%, respectively; for
POSS-Th POIP, they were 586 °C, 786 °C, and 90 wt%, respectively; and for the POSS-TPTh
POIP, they were 513 °C, 586 °C, and 86 wt%, respectively. For all three porous POIPs,
these high values are consistent with the presence of highly crosslinked networks formed
between the OVS and OXD, Th, and TPTh moieties. Notably, the thermal stability and char
yield of the POSS-Th POIP were higher than those of the POSS-OXD and POSS-TPTh POIPs,
as well as those of all other previously reported porous POSS systems [57,58], implying its
higher crosslinking density. Table 1 summarizes the thermal properties of the POSS-OXD,
POSS-Th, and POSS-TPTh POIPs. X-ray diffraction revealed that the POSS-OXD, POSS-Th,
and POSS-TPTh POIPs were all amorphous materials with no long-range order in their
characteristics (Figure 3b), consistent with data reported previously for porous hybrid
POSS materials [57,58].
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Figure 3. (a) TGA traces and (b) XRD patterns of the POSS-OXD, POSS-Th, and POSS-TPTh POIPs.

Table 1. TGA, BET, and capacitance data for the POIPs.

Char Yield Surface Area Pore Volume Pore Size Capacity at 0.5 A g1

Sample leO “Q) (Wt.%) (m gfl) (cm g*l) (nm) (F gil)
POSS-OXD POIP 386 69 94 0.02 2.34 119
POSS-Th POIP 786 90 605 0.23 1.98 213
POSS-TPTh POIP 586 86 682 0.23 1.87 354

We performed N, adsorption/desorption measurements to obtain the porosity pa-
rameters of the POIPs (Figure 4a—c, Table 1). With reference to IUPAC classifications, the
adsorption isotherm of the POSS-OXD POIP was of type III; that of POSS-Th POIP was of
types Il and IV; and that of POSS-TPTh POIP had type II characteristics. Furthermore, the
N, absorption uptake potentials for the POSS-Th and POSS-TPTh POIPs increased in the
low- and high-pressure regions, confirming the existence of meso- and microspores in their
structures; in contrast, POSS-OXD POIP had high N, absorption uptake at high pressure,
suggesting the presence of only macropores. The specific surface area of the POSS-TPTh
POIP (682 m? g~!) was higher than those of the POSS-Th (605 m? g~!) and POSS-OXD
(94 m? g—1) POIPs. The pore diameters of the POSS-OXD, POSS-Th, and POSS-TPTh POIPs
were 2.34, 1.96, and 1.88 nm, respectively (Figure 4d—f, Table 1); their total pore volumes
were 0.02, 0.23, and 0.23 cm? g’l, respectively.
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Figure 4. (a—c) N, adsorption/desorption isotherms and (d—f) pore diameter patterns of the
(a,d) POSS-OXD, (b,e) POSS-Th, and (c,f) POSS-TPTh POIPs.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
revealed (Figure 5) that the morphologies of the POSS-OXD, POSS-Th, and POSS-TPTh
POIPs were irregular clusters of tiny spherical particles. Furthermore, energy dispersive
X-ray (EDX) spectroscopy of the SEM images (Figure S11) demonstrated the presence of

C, N, O, and Si atoms in the POSS-OXD POIP and C, O, Si, and S elements in both the
POSS-Th and POSS-TPTh POIPs.

Figure 5. (a—c) SEM and (d—f) TEM images of the (a,d) POSS-OXD, (b,e) POSS-Th, and (c,f) POSS-
TPTh POIPs.
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We tested these three porous POSS materials for their ability to capture CO, at 298 °C
(Figure 6). The POSS-OXD, POSS-Th, and POSS-TPTh POIPs had CO; capture capacities of
18.27, 35.68, and 50.42 mg g~ !, respectively. The relatively high CO, capture capacity of the
POSS-TPTh POIP was presumably due to its Brunauer—-Emmett-Teller (BET) surface area
being higher than those of the POSS-Th and POSS-OXD POIPs.

50 =@= POSS-OXD POIP
| |=@= POSS-Th POIP
POSS-TPTh POIP
40 -
a0
(@)
£ 30
Q
X
8
S 20 -
D
N
(@)
O 10
0 -
' I ' I ' I ' I ' I
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P,)

Figure 6. CO, uptake capacities of the POSS-OXD, POSS-Th, and POSS-TPTh POIPs.

3.2. Electrochemical Performance of the POSS-OXD, POSS-Th, and POSS-TPTh POIPs

We employed cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)
measurements to examine the electrochemical behavior of our three POIPs in aqueous 1 M
KOH, using a three-electrode configuration. We recorded the CV profiles of the POSS-OXD,
POSS-Th, and POSS-TPTh POIPs at various scan rates between 1.00 to 0 V (Figure 7a—c).
The rectangular CV profiles with slight humps for all three POSS systems indicate that their
capacitive effects were caused by EDLC [76,77]. The humps suggest the involvement of
pseudocapacitance responses emerging from the presence of the N and S heteroatoms and
electron-rich phenyl groups in the OXD, Th, and TPTh structures, respectively, facilitating
the passage of the electrolyte to the electrode area and for the electrons to keep moving
from one electrode to another [78,79]. Upon increasing the scan rate, the current densities
improved without affecting the shapes of the CV curves, confirming the high-rate capabili-
ties, stabilities, and kinetic features of all three porous POSS systems. The electrochemical
properties of the POSS-TPTh POIP were superior to those of the POSS-Th and POSS-OXD
POIPs, presumably because of its electron-rich phenyl groups and S heteroatoms, high
surface area, and blend of micro- and mesoporosity. All these factors would ensure higher
mobility of the electrolyte to the surface of the electrode, resulting in accelerated mass trans-
port and enhanced electrochemical performance. Figure 7d—f display the GCD behavior of
the POSS-OXD, POSS-Th, and POSS-TPTh POIPs, respectively, measured at various current
densities. In the discharge profiles, each porous POSS system provided a nearly triangular
GCD curve with a small bend, indicating the combined impacts of pseudocapacitance
and EDLC.
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Figure 7. (a—c) CV and (d—f) GCD traces of the (a,d) POSS-OXD, (b,e) POSS-Th, and (c,f) POSS-TPTh
POIPs.

Furthermore, the charging profiles were smaller than the discharging curves through-
out the GCD analyses, indicating that all the porous POIPs displayed excellent capacitance.
The discharging profile of the POSS-TPTh POIP was more significant than those of the
POSS-Th and POSS-OXD POIPs, indicating its relatively high specific capacitance. It is
worth mentioning that the IR drop in the galvanostatic charge-discharge profile is related
to the equivalent series resistance, charge-transfer resistance, and double-layer capacitance
of the energy storage devices, such as supercapacitors. A supercapacitor has its own stored
energy in the form of internal resistance which is lost during this process [80]. Figure 8a
reveals that the specific capacitances of the POSS-OXD, POSS-Th, and POSS-TPTh POIPs
were 119, 213, and 354 F g~ !, respectively, at a current density of 0.5 A g~!. Furthermore,
the specific capacitance gap remained large when measured at a higher current density of
20 A g’l, where the POSS-OXD, POSS-Th, and POSS-TPTh POIPs had specific capacities
of 16, 15, and 30.4 F g1, respectively. We suggest that the structure of the POSS-TPTh
POIP was responsible for its relatively outstanding performance, with its electron-rich
phenyl rings and S heteroatoms allowing the electrolytes to approach the electrode surface
more rapidly than in the POSS-OXD and POSS-Th POIPs. The specific capacitances of all
three porous POIPs decreased upon increasing the current density from 0.5 to 20 A g~ !,
presumably because of insufficient time for ion transportation at higher current densities.
Moreover, the energy density of the POSS-TPTh POIP (176.75 W h kg~!) was also higher
than those of the POSS-Th (106.59 W h kg~!) and POSS-OXD (59.57 W h kg~!) POIPs
(Figure 8b).
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Figure 8. (a) Capacitance and (b) Ragone plots for the POSS-OXD, POSS-Th, and POSS-TPTh POIPs.

Finally, we examined the stabilities of all three POIPs through GCD analyses over
2000 cycles at 10 A g~ ! (Figures 9a and S12-14). The POSS-OXD, POSS-Th, and POSS-TPTh
POIPs displayed outstanding cycling stabilities, with retention of their capacitance of 93.41,
96.27, and 97.56%, respectively. In addition, the specific capacitances of both the POSS-Th
and POSS-TPTh POIPs were excellent when compared with those of previously published
porous frameworks and porous polymer composite materials (Figure 9b) [27,28,58].
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Figure 9. (a) Durability and (b) electrochemical performance of the POSS-OXD, POSS-Th, and
POSS-TPTh POIPs, compared with those of previously reported porous materials.

Additionally, we investigated the electrochemical characteristics of all three POSS-
POIP samples in two electrode systems for a symmetric supercapacitor through coin cells.
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The electrochemical characteristics were conducted between a potential range of 0 to —0.2 V
at different scan rates, as shown in Figure S15. The CV profiles of all the POSS-POIPs
electrodes (Figure S15a—c) were approximately rectangular with the presence of humps in
the low potential window—the expected response of supercapacitors due to the existence
of EDLC and pseudocapacitive capacitive characteristics. The pseudocapacitance response
was caused by the introduction of heteroatoms (N, O, and S) in the backbone of the POSS-
POIPs. The functionality of the electrodes seemed to be stable at high scan rates, indicating
that the current density also increased, revealing improved stability and a symmetric
capacity of all POSS-POIPs materials. Furthermore, the GCD profiles (Figure S15d—f)
were nearly triangular with a bent shape due to the presence of heteroatoms in all the
POSS-POIPs, demonstrating EDLC and pseudocapacitance effects. The specific capacitance
was observed as 41.05, 27.63 and 7.11 F g_1 for POSS-TPTh POIP, POSS-Th POIP, and
POSS-OXD POIP electrode samples, respectively, at 0.5 A g~1. Thus, these results revealed
that POSS-TPTh POIP experienced superior electrochemical properties to POSS-Th POIP,
and POSS-OXD POIP. The superior electrochemical properties of the POSS-TPTh POIP
sample were attributed to its high surface area and electron-rich phenyl group in its
structure. In order to understand the resistance behavior of these as-prepared electrodes
as symmetric supercapacitors devices, we carried out the impedance measurement, as
shown in Figure S16. The EIS plots reveal the ohmic resistance, which is also known as
the series resistance, of these electrode materials to be 2.083, 3.799 and 4.491 Q) for POSS-
TPTh POIP, POSS-OXD POIP and POSS-Th POIP, respectively. This confirms the superior
performance of the POSS-TPTh POIP electrodes compared to the others by virtue of their
smallest series resistance offering better conductivity. Apart from this, all the electrodes
displayed a clear semicircle in the higher frequency region which corresponds to their
charge-transfer resistance. As indicated in the plots, the charge-transfer values obtained
from these electrodes were 4.479, 13.72 and 20.16 ), for POSS-TPTh POIP, POSS-OXD POIP
and POSS-Th POIP, respectively. The electrode composed of POSS-TPTh POIP offers almost
negligible charge-transfer resistance, with improved conductivity compared to the others.
Thus, POSS-TPTh POIP is an outstanding electrode material for energy storage which has
the potential to be used in real-life applications.

4. Conclusions

In conclusion, we used Heck reactions to synthesize the hybrid OVS-based POIPs
POSS-OXD, POSS-Th, and POSS-TPTh. TGA revealed that the thermal stability of the
POSS-Th POIP (T1p: 785 °C; char yield: 90 wt%) was higher than those of the POSS-OXD
and POSS TPTh POIPs. N, isothermal profiles and electrochemical analyses indicated that
POSS-TPTh POIP had the highest BET surface area (682 m? g~!) and an excellent specific
capacity (354 F g~!) when compared with those of the other two POIPs. The superior
energy storage performance of the POSS-TPTh POIP was due to its high surface area
and electron-rich phenyl groups, which were not present in the POSS-OXD and POSS-Th
POIPs. In addition to this, we evaluated the electrochemical performance of a symmetric
supercapacitor two-electrode device which exhibited great potential for energy-storage.
These findings suggest that the POSS-TPTh and POSS-Th POIP materials, with their high
surface areas, might find application in wastewater treatment and in Li and Li-S batteries.

Supplementary Materials: The following are available online: https://www.mdpi.com/article/
10.3390/molecules27196238/s1, Scheme S1. Syntheses of (a) N,N’-bis(4-bromobenzoyl)hydrazine
and (b) OXD-Bry. Scheme S2. Synthesis of Th-Bry through bromination reaction of thiophene.
Scheme S3. Synthesis of TPTh from Th-Bry through Suzuki coupling reaction. Scheme S4. Synthesis
of TPTh-Br, from Th-4Ph through bromination reaction. Figure S1. FTIR spectra of (a) N,N'-bis(4-
bromobenzoyl)hydrazine and (b) OXD-Br,. Figure S2. (a,b) 1H and (c,d) 13C NMR spectra of (a,c)
N,N’-bis(4-bromobenzoyl)hydrazine and (b,c) OXD-Br,. Figure S3. TH NMR spectrum of Th-Bry.
Figure S4. 13C NMR spectrum of Th-Br,. Figure S5. FTIR spectrum of TPTh. Figure S6. 'H NMR
spectrum of TPTh. Figure S7. 13C NMR spectrum of TPTh. Figure S8. FTIR analysis of TPTh-Bry.
Figure S9. 'H NMR analysis of TPTh-Br,. Figure S10. 13C NMR analysis of TPTh-Br,. Figure S11.
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SEM and elemental mapping (EDX) profile of the as-prepared (a) POSS-OXD POIP, (b) POSS-Th POIP
and (c) POSS-TPTh POIP. Figure S12. Stability test of the as-prepared POSS-OXD POIP. Figure S13.
Stability test of the as-prepared POSS-Th POIP. Figure S14. Stability test of the as-prepared POSS-
TPTh POIP. Figure S15. Cyclic voltammetry curves (a—c) and (d—f) galvanostatic charge-discharge
profiles of POSS-OXD, POSS-Th and POSS-TPTh POIPs. Figure S16. Nyquist plots of POSS-Th,
POSS-TPTh, and POSS-OXD POIPs.

Author Contributions: Conceptualization, M.E., M.G.M.,, S.U.S,, T.C.,, C.-FH. and ] .-T.L.; software,
M.E. and M.G.M,; validation, M.E., T.C., C.-EH. and M.G.M,; formal analysis, M.E. and M.G.M.;
resources, S.-W.K.; data curation, M.E., M.G.M. and S.U.S.; writing—original draft preparation, M.E.,
M.G.M. and S.-W.K,; writing—review and editing, M.E.,, M.G.M., S.U.S. and S.-W.K,; visualization,
M.E., M.G.M. and 5.-WK_; supervision, M.G.M. and S.-W.K.; project administration, M.G.M. and
S.-W.XK.; funding acquisition, S.-W.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported financially by the Ministry of Science and Technology, Taiwan,
under contracts MOST 106-2221-E-110- 067-MY3, 108-2638-E-002-003-MY2, and 108-2221-E-110-014-MY3.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article and
supplementary material.

Acknowledgments: This study was supported financially by the Ministry of Science and Technology,
Taiwan, under contracts MOST 108-2221-E-110-014-MY3. The authors thank the staff at National
Sun Yat-sen University for their assistance with TEM (ID: EM022600) experiments. The authors
acknowledge a generous allocation of computer time granted by the Compute Canada national
HPC platform.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1. Wen, ] Chen, S,; Liu, Y.; Chen, H; Liu, B.; Yang, M.; Li, H. Triphenylimidazolium-incorporated, benzbisimidazole-linked porous
organic polymers as efficient catalyst for CO, conversion. Microporous Mesoporous Mater. 2022, 339, 111999. [CrossRef]

2. Bai, W; Wang, F; Yan, L.; Sun, H.; Zhu, Z,; Chen, L.; Li, J.; Liang, W.; Li, A. Porous organic polymers (POPs) membrane via
thiol-yne click chemistry for efficient particulate matter capture and microplastics separation. Microporous Mesoporous Mater. 2022,
329, 111509. [CrossRef]

3. Chen, D, Liu, C; Tang, J.; Luo, L.; Yu, G. Fluorescent porous organic polymers. Polym. Chem. 2019, 10, 1168-1181. [CrossRef]

4. Kicinski, W.; Dyjak, S.; Gratzke, M. Pyrolysis of Porous Organic Polymers under a Chlorine Atmosphere to Produce Heteroatom-
Doped Microporous Carbons. Molecules 2021, 26, 3656. [CrossRef]

5. Mohamed, M.G; Elsayed, M.H.; Elewa, A.M.; EL-Mahdy, A EM.; Yang, C.H.; Mohammed, A.A K.; Chou, H.H.; Kuo, S.W.
Pyrene-containing conjugated organic microporous polymers for photocatalytic hydrogen evolution from water. Catal. Sci.
Technol. 2021, 11, 2229-2241. [CrossRef]

6. Yang, Y.; Lai, Z. Ferrocene-based porous organic polymer for photodegradation of methylene blue and high iodine capture.
Microporous Mesoporous Mater. 2021, 316, 110929. [CrossRef]

7. Pan, X.; Ding, C.; Zhang, Z.; Ke, H.; Cheng, G. Functional porous organic polymer with high S and N for reversible iodine capture.
Microporous Mesoporous Mater. 2020, 300, 110161. [CrossRef]

8. Aly, K.IL; Sayed, M.M.; Mohamed, M.G.; Kuo, S.W.; Younis, O. A facile synthetic route and dual function of network luminescent
porous polyester and copolyester containing porphyrin moiety for metal ions sensor and dyes adsorption. Microporous Mesoporous
Mater. 2020, 298, 110063. [CrossRef]

9.  Mohamed, M.G.; Zhang, X.; Mansoure, T.H.; El-Mahdy, A.FM.; Huang, C.F.; Danko, M.; Xin, Z.; Kuo, S.W. Hypercrosslinked
porous organic polymers based on tetraphenylanthraquinone for CO, uptake and high-performance supercapacitor. Polymer
2020, 205, 122857. [CrossRef]

10. Du, X.H,; Jiang, Z.; Liu, Z.; Xu, C. BODIPY-linked conjugated porous polymers for dye wastewater treatment. Microporous
Mesoporous Mater. 2022, 322, 111711. [CrossRef]

11. Mohamed, M.G.; Hu, H.Y,; Madhu, M.; Ejaz, M.; Sharma, S.U.; Tseng, W.L.; Samy, M.M.; Huang, C.W.; Lee, ].T.; Kuo, S.W.

Construction of Ultrastable Conjugated Microporous Polymers Containing Thiophene and Fluorene for Metal Ion Sensing and
Energy Storage. Micromachines 2022, 13, 1466. [CrossRef]


http://doi.org/10.1016/j.micromeso.2022.111999
http://doi.org/10.1016/j.micromeso.2021.111509
http://doi.org/10.1039/C8PY01620H
http://doi.org/10.3390/molecules26123656
http://doi.org/10.1039/D0CY02482A
http://doi.org/10.1016/j.micromeso.2021.110929
http://doi.org/10.1016/j.micromeso.2020.110161
http://doi.org/10.1016/j.micromeso.2020.110063
http://doi.org/10.1016/j.polymer.2020.122857
http://doi.org/10.1016/j.micromeso.2022.111711
http://doi.org/10.3390/mi13091466

Molecules 2022, 27, 6238 13 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Mohamed, M.G.; Chaganti, S.V.; Sharma, U.S.; Samy, M.M.; Ejaz, M.; Lee, ].T.; Zhang, K.; Kuo, S.W. Constructing Conjugated
Microporous Polymers Containing the Pyrene-4,5,9,10-Tetraone Unit for Energy Storage. Acs Appl. Energy Mater. 2022, 5,
10130-10140. [CrossRef]

Mohamed, M.G.; Chaganti, S.V.; Sharma, L.M.S.; Samy, M.M.; Sharma, S.U.; Lee, ].T.; Elsayed, M.H.; Chou, H.H.; Kuo, S.W.
Ultrastable Porous Organic Polymers Containing Thianthrene and Pyrene Units as Organic Electrode Materials for Supercapacitors.
ACS Appl. Energy Mater. 2022, 5, 6442-6452. [CrossRef]

Sachs, M.; Sprick, R.S.; Pearce, D.; Hillman, S.A.].; Monti, A.; Guilbert, A.A.Y.; Brownbill, N.J.; Dimitrov, S.; Shi, X.; Blanc, F; et al.
Understanding structure-activity relationships in linear polymer photocatalysts for hydrogen evolution. Nat. Commun. 2018,
9, 4968. [CrossRef]

Mohamed, M.G.; Chen, W.C.; EL-Mahdy, A.FM.; Kuo, S.W. Porous organic/inorganic polymers based on double-decker
silsesquioxane for high-performance energy storage. J. Polym. Res. 2021, 28, 219. [CrossRef]

Sprick, R.S.; Bai, Y.; Guilbert, A.A.Y.; Zbiri, M.; Aitchison, C.M.; Wilbraham, L.; Yan, Y.; Woods, D.]J.; Zwijnenburg, M.A;
Cooper, A.L Photocatalytic hydrogen evolution from water using fluorene and dibenzothiophene sulfone-conjugated microporous
and linear polymers. Chem. Mater. 2019, 2, 305-313. [CrossRef]

Wang, Y.; Dong, L.; Lai, G.; Wei, M.; Jiang, X.; Bai, L. Nitrogen-doped hierarchically porous carbons derived from Polybenzoxazine
for enhanced Supercapacitor performance. Nanomaterials 2019, 9, 131. [CrossRef]

Samy, M.M.; Mohamed, M.G.; Kuo, S.W. Pyrene-functionalized tetraphenylethylene polybenzoxazine for dispersing single-walled
carbon nanotubes and energy storage. Compos. Sci. Technol. 2020, 199, 108360. [CrossRef]

Li, L; Lu, F; Xue, R;; Ma, B.L.; Li, Q.; Wu, N,; Liu, H.; Yao, W.Q.; Guo, H.; Yang, W. Ultrastabletriazine-based covalent organic
framework with an interlayer hydrogen bonding for supercapacitor applications. Acs Appl. Mater. Interfaces 2019, 11, 26355-26363.
[CrossRef]

Mohamed, M.G.; Sharma, S.U.; Liu, N.Y,; Mansoure, TH.; Samy, M.M.; Chaganti, S.V.; Chang, Y.L.; Lee, J.Y.; Kuo, SW.
Ultrastable Covalent Triazine Organic Framework Based on Anthracene Moiety as Platform for High-Performance Carbon
Dioxide Adsorption and Supercapacitors. Int. J. Mol. Sci. 2022, 23, 3174. [CrossRef]

Elewa, A.M.; EL-Mahdy, A.EM.; Elsayed, M.H.; Mohamed, M.G.; Kuo, S.W.; Chou, H.H. Sulfur-doped triazine-conjugated
microporous polymers for achieving the robust visible-light-driven hydrogen evolution. Chem. Eng. ]. 2021, 421, 129825.
[CrossRef]

Ma, W,; Zhang, C.; Gao, X.; Shu, C; Yan, C.; Wang, E; Chen, Y.; Zeng, ]. H.; Jiang, ].X. Structure evolution of azo-fused conjugated
microporous polymers for high performance lithium-ion batteries anodes. J. Power Sources 2020, 453, 227868. [CrossRef]

Yang, W.; Huang, B.; Li, L.; Zhang, K; Li, Y.; Huang, J.; Tang, X.; Hu, T.; Yuan, K.; Chen, Y. Covalently Sandwiching MXene by
Conjugated Microporous Polymers with Excellent Stability for Supercapacitors. Small Methods 2020, 4, 2000434. [CrossRef]
Singh, G.; Lee, ]J.; Karakoti, A.; Bahadur, R; Yi, J.; Zhao, D.; AlBahily, K.; Vinu, A. Emerging trends in porous materials for CO,
capture and conversion. Chem. Soc. Rev. 2020, 49, 4360—-4404. [CrossRef] [PubMed]

Mohamed, M.G.; Ahmed, M.M.M.; Du, W.T; Kuo, S.W. Meso/microporous carbons from conjugated hyper-crosslinked polymers
based on tetraphenylethene for high performance CO; capture and supercapacitor. Molecules 2021, 26, 738. [CrossRef]

Samy, M.M.; Mohamed, M.G.; Kuo, S.W. Directly synthesized nitrogen-and-oxygen—doped microporous carbons derived from a
bio-derived polybenzoxazine exhibiting high-performance supercapacitance and CO, uptake. Eur. Polym. J. 2020, 138, 109954.
[CrossRef]

Mei, L.; Cui, X,; Duan, Q.; Li, Y; Lv, X.; Wang, H.G. Metal phthalocyanine-linked conjugated microporous polymer hybridized
with carbon nanotubes as a high-performance flexible electrode for supercapacitors. Int. J. Hydrog. Energy 2020, 45, 22950-22958.
[CrossRef]

Samy, M.M.; Mohamed, M.G.; EL-Mahdy, A.EM.; Mansoure, TH.; Wu, K.C.W,; Kuo, S.W. High-performance supercapacitor
electrodes prepared from dispersions of tetrabenzonaphthalene-based conjugated microporous polymers and carbon nanotubes.
Acs Appl. Mater. Interfaces 2021, 13, 51906-51916. [CrossRef]

Samy, M.M.; Mekhemer, LM.A.; Mohamed, M.G; Elsayed, M.H.; Lin, K.H.; Yi-Kuan Chen, Y.K.; Wu, T.L.; Chou, H.H.; Kuo, S.W.
Conjugated microporous polymers incorporating Thiazolo[5,4-d]thiazole moieties for Sunlight-Driven hydrogen production
from water. Chem. Eng. . 2022, 446, 137158. [CrossRef]

Zhang, X.; Qiu, B.; Zou, Y.; Wang, S.; Mai, W.; Cao, Y.; Wang, Y.; Chen, J.; Li, T. Green synthesized cobalt-bipyridine constructed
conjugated microporous polymer: An efficient heterogeneous catalyst for cycloaddition of epoxides via CO; fixation under
ambient conditions. Microporous Mesoporous Mater. 2019, 319, 110758. [CrossRef]

Zhang, C.; He, Y.; Mu, P; Wang, X.; He, Q.; Chen, Y.; Zeng, ].; Wang, F; Xu, Y,; Jiang, J.X. Toward high performance thiophene-
containing conjugated microporous polymer anodes for lithium-ion batteries through structure design. Adv. Funct. Mater. 2018,
28, 1705432. [CrossRef]

Zhang, C.; Qiao, Y.; Xiong, P; Ma, W.; Bai, P.; Wang, X.; Li, Q.; Zhao, ].; Xu, Y.; Chen, Y,; et al. Conjugated microporous polymers
with tunable electronic structure for high-performance potassium-ion batteries. Acs Nano. 2019, 13, 745-754. [CrossRef] [PubMed]
Amin, K.; Ashraf, N.; Mao, L.; Faul, C.E].; Wei, Z. Conjugated microporous polymers for energy storage: Recent progress and
challenges. Nano Energy 2021, 85, 105958. [CrossRef]

Saber, A.F,; Sharma, S.U.; Lee, ].T.; El-Mahdy, A.FEM.; Kuo, S.W. Carbazole-conjugated microporous polymers from Suzuki-
Miyaura coupling for supercapacitors. Polymer 2022, 254, 125070. [CrossRef]


http://doi.org/10.1021/acsaem.2c01842
http://doi.org/10.1021/acsaem.2c00942
http://doi.org/10.1038/s41467-018-07420-6
http://doi.org/10.1007/s10965-021-02579-x
http://doi.org/10.1021/acs.chemmater.8b02833
http://doi.org/10.3390/nano9010131
http://doi.org/10.1016/j.compscitech.2020.108360
http://doi.org/10.1021/acsami.9b06867
http://doi.org/10.3390/ijms23063174
http://doi.org/10.1016/j.cej.2021.129825
http://doi.org/10.1016/j.jpowsour.2020.227868
http://doi.org/10.1002/smtd.202000434
http://doi.org/10.1039/D0CS00075B
http://www.ncbi.nlm.nih.gov/pubmed/32458938
http://doi.org/10.3390/molecules26030738
http://doi.org/10.1016/j.eurpolymj.2020.109954
http://doi.org/10.1016/j.ijhydene.2020.06.208
http://doi.org/10.1021/acsami.1c05720
http://doi.org/10.1016/j.cej.2022.137158
http://doi.org/10.1016/j.micromeso.2020.110758
http://doi.org/10.1002/adfm.201705432
http://doi.org/10.1021/acsnano.8b08046
http://www.ncbi.nlm.nih.gov/pubmed/30604957
http://doi.org/10.1016/j.nanoen.2021.105958
http://doi.org/10.1016/j.polymer.2022.125070

Molecules 2022, 27, 6238 14 of 15

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lee, ].5.M.; Cooper, A.I. Advances in conjugated microporous polymers. Chem. Rev. 2020, 120, 2171-2214. [CrossRef]

Mei, L.; Cui, X.; Wei, J.; Duan, Q.; Li, Y. Metal phthalocyanine-based conjugated microporous polymer/carbon nanotube
composites as flexible electrodes for supercapacitors. Dye. Pigm. 2021, 190, 109299. [CrossRef]

Vinodh, R.; Gopi, C.V.VM.,; Kummara, V.G.R.; Atchudanc, R.; Ahamad, T.; Sambasivam, S.; Yi, M.; Obaidat, LM.; Kim, H.]. A
review on porous carbon electrode material derived from hypercrosslinked polymers for supercapacitor applications. J. Energy
Stor. 2020, 32, 101831. [CrossRef]

Seenath, ].S.; Biswal, B.P. Construction of MXene-Coupled Nitrogen-Doped Porous Carbon Hybrid from a Conjugated Microp-
orous Polymer for High-Performance Supercapacitors. Adv. Energy Sustain. Res. 2021, 2, 2000052. [CrossRef]

Bhanja, P.; Das, S.K.; Bhunia, K.; Pradhan, D.; Hayashi, T.; Hijikata, Y.; Irle, S.; Bhaumik, A. A new porous polymer for highly
efficient capacitive energy storage. Acs Sustain. Chem. Eng. 2018, 6, 202-209. [CrossRef]

Wang, H.G.; Cheng, Z.H,; Liao, Y.Z.; Li, ].H.; Weber, J.; Thomas, A.; Faul, C.E]. Conjugated microporous polycarbazole networks
as precursors for nitrogen enriched microporous carbons for CO, storage and electrochemical capacitors. Chem. Mater. 2017,
29, 4885. [CrossRef]

Mohamed, M.G.; Chang, W.C.; Kuo, S.W. Crown Ether- and Benzoxazine-Linked Porous Organic Polymers Displaying Enhanced
Metal Ion and CO, Capture through Solid State Chemical Transformation. Macromolecules 2022, 55, 7879-7892. [CrossRef]
Mohamed, M.G.; Chen, T.C.; Kuo, S.W. Solid-state chemical transformations to enhance gas capture in benzoxazine-linked
conjugated microporous polymers. Macromolecules 2021, 54, 5866-5877. [CrossRef]

Feng, Y.; Jia, Y.; Guang, S.; Xu, H. Study on thermal enhancement mechanism of POSS-containing hybrid nanocomposites and
relationship between thermal properties and their molecular structure. . Appl. Polym. Sci. 2010, 115, 2212-2220. [CrossRef]
Madhavan, K.; Reddy, B.S.R. Synthesis and characterization of polyurethane hybrids: Influence of the polydimethylsiloxane
linear chain and silsesquioxane cubic structure on the thermal and mechanical properties of polyurethane hybrids. J. Appl. Polym.
Sci. 2009, 113, 4052-4065. [CrossRef]

Liu, H.; Liu, H. Selective dye adsorption and metal ion detection using multifunctional silsesquioxane-based tetraphenylethene
linked nanoporous polymers. J. Mater. Chem. A 2017, 5, 9156-9162. [CrossRef]

Yang, X.; Liu, H. Ferrocene-functionalized silsesquioxane-based porous polymer for efficient removal of dyes and heavy metal
ions. Chem. Eur. . 2018, 24, 13504-13511. [CrossRef]

Yan, J.; Choi, ].H.; Jeong, Y.G. Freestanding supercapacitor electrode applications of carbon nanofibers based on polyacrylonitrile
and polyhedral oligomeric silsesquioxane. Mater. Des. 2018, 139, 72-80. [CrossRef]

Liu, J.; Liu, Y; Jiang, X.; Luo, Y.; Lyu, Y. POSS-based microporous polymers: Efficient Friedel-Crafts synthesis, CO, capture and
separation properties. Micropor. Mesopor. Mater. 2017, 250, 203-209. [CrossRef]

Mohamed, M.G.; Kuo, S.W. Functional Polyimide/Polyhedral Oligomeric Silsesquioxane Nanocomposites. Polymers 2019, 11, 26.
[CrossRef]

Shen, R.; Du, Y.; Yang, X.; Liu, H. Silsesquioxanes-based porous functional polymers for water purification. J. Mater. Sci. 2020, 55,
7518-7529. [CrossRef]

Mohamed, M.G.; Kuo, S.W. Functional Silica and Carbon Nanocomposites Based on Polybenzoxazines. Macromol. Chem. Phys.
2019, 220, 1800306. [CrossRef]

Kuo, S.W. Hydrogen bonding interactions in polymer/polyhedral oligomeric silsesquioxane nanomaterials. J. Polym. Res. 2022,
29, 69. [CrossRef]

Ren, J.; Feng, J.; Wang, L.; Chen, G.; Zhou, Z.; Li, Q. High specific surface area hybrid silica aerogel containing POSS. Microporous
Mesoporous Mater. 2021, 310, 110456. [CrossRef]

Ghasemi, M.; Fahimi, Z.; Moradlou, O.; Seize, M.R. Porous gel polymer electrolyte for the solid state metal oxide supercapacitor
with a wide potential window. J. Taiwan Inst. Chem. Eng. 2021, 118, 223-231. [CrossRef]

Mohamed, M.G.; Kuo, S.W. Progress in the self-assembly of organic/inorganic polyhedral oligomeric silsesquioxane (POSS)
hybrids. Soft Matter 2022, 18, 5535-5561. [CrossRef]

Seo, S.; Chaikittisilp, W.; Koike, N.; Yokoi, T.; Okubo, T. Porous inorganic-organic hybrid polymers derived from cyclic siloxane
building blocks: Effects of substituting groups on mesoporous structures. Microporous Mesoporous Mater. 2019, 278, 212-218.
[CrossRef]

Mohamed, M.G.; Tsai, M.Y.; Wang, C.F; Huang, C.F,; Danko, M.; Dai, L.; Chen, T.; Kuo, S.W. Multifunctional polyhedral
oligomeric silsesquioxane (POSS) based hybrid porous materials for CO, uptake and iodine adsorption. Polymers 2021, 13, 221.
[CrossRef]

Mohamed, M.G.; Mansoure, T.H.; Takashi, Y.; Samy, M.M.; Chen, T.; Kuo, S.-W. Ultrastable porous organic/inorganic polymers
based on polyhedral oligomeric silsesquioxane (POSS) hybrids exhibiting high performance for thermal property and energy
storage. Microporous Mesoporous Mater. 2021, 328, 111505. [CrossRef]

Wang, D.; Yang, W.; Feng, S.; Liu, H. Amine post-functionalized POSS-based porous polymers exhibiting simultaneously
enhanced porosity and carbon dioxide adsorption properties. Rsc Adv. 2016, 6, 13749-13756. [CrossRef]

Wang, D.; Xue, L.; Li, L.; Deng, B.; Feng, S.; Liu, H.; Zhao, X. Rational design and synthesis of hybrid porous polymers derived
from polyhedral oligomeric silsesquioxanes via Heck coupling reactions. Macromol. Rapid Commun. 2013, 34, 34861-34866.
[CrossRef]


http://doi.org/10.1021/acs.chemrev.9b00399
http://doi.org/10.1016/j.dyepig.2021.109299
http://doi.org/10.1016/j.est.2020.101831
http://doi.org/10.1002/aesr.202000052
http://doi.org/10.1021/acssuschemeng.7b02234
http://doi.org/10.1021/acs.chemmater.7b00857
http://doi.org/10.1021/acs.macromol.2c01216
http://doi.org/10.1021/acs.macromol.1c00736
http://doi.org/10.1002/app.31319
http://doi.org/10.1002/app.30494
http://doi.org/10.1039/C7TA01255A
http://doi.org/10.1002/chem.201801765
http://doi.org/10.1016/j.matdes.2017.10.071
http://doi.org/10.1016/j.micromeso.2017.05.043
http://doi.org/10.3390/polym11010026
http://doi.org/10.1007/s10853-020-04541-6
http://doi.org/10.1002/macp.201800306
http://doi.org/10.1007/s10965-021-02885-4
http://doi.org/10.1016/j.micromeso.2020.110456
http://doi.org/10.1016/j.jtice.2020.12.020
http://doi.org/10.1039/D2SM00635A
http://doi.org/10.1016/j.micromeso.2018.11.016
http://doi.org/10.3390/polym13020221
http://doi.org/10.1016/j.micromeso.2021.111505
http://doi.org/10.1039/C5RA26617C
http://doi.org/10.1002/marc.201200835

Molecules 2022, 27, 6238 15 of 15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Mohamed, M.G.; Liu, N.Y.; EL-Mandy, A.FEM.; Kuo, S.W. Ultrastable luminescent hybrid microporous polymers based on
polyhedral oligomeric silsesquioxane for CO, uptake and metal ion sensing. Microporous Mesoporous Mater. 2021, 311, 110695.
[CrossRef]

Wang, Q.; Liu, H.; Jiang, C.; Liu, H. Silsesquioxane-based triphenylamine functionalized porous polymer for CO;, I, capture and
nitro-aromatics detection. Polymer 2020, 186, 122004. [CrossRef]

Du, Y.; Unno, M,; Liu, H. Hybrid nanoporous materials derived from ladder- and cage-type silsesquioxanes for water treatment.
ACS Appl. Nano Mater. 2020, 3, 1535-1541. [CrossRef]

Wang, Y.; Soldatov, M.; Wang, Q.; Liu, H. Phosphazene functionalized silsesquioxane-based porous polymers for absorbing I,
CO; and dyes. Polymer 2021, 218, 123491. [CrossRef]

Wang, D.; Yang, W.; Feng, S.; Liu, H. Constructing hybrid porous polymers from cubic octavinyl silsequioxane and planar
halogenated benzene. Polym. Chem. 2014, 5, 3634-3642. [CrossRef]

Sajjad, M.; Tao, R.; Kang, K.; Luo, S.; Qiu, L. Phosphine-based porous organic polymer/rGO aerogel composites for high-
performance asymmetric supercapacitor. Acs Appl. Energy Mater. 2021, 4, 828-838. [CrossRef]

Xu, ].; He, Y,; Bi, S.; Wang, M.; Yang, P.; Wu, D.; Wang, J.; Zhang, F. An olefin-linked covalent organic framework as a flexible
thin-film electrode for a high-performance micro-supercapacitor. Angew. Chem. Int. Ed. 2019, 131, 12193-12197. [CrossRef]

He, X,; Xie, X.; Wang, ].; Ma, X.; Xie, Y; Gu, J.; Xiao, N.; Qiu, J. From fluorine molecules to ultrathin carbon nanonets with an
enhanced charge transfer capability for supercapacitors. Nanoscale 2019, 11, 6610-6619. [CrossRef]

Khattak, A.M.; Ghazi, Z.A ; Liang, B.; Khan, N.A.; Igbal, A.; Li, L.; Tang, Z. A redox active 2D covalent organic framework with
pyridine moieties capable of faradaic energy storage. ]. Mater. Chem. A 2016, 4, 16312-16317. [CrossRef]

Xu, L.; Shi, R.; Li, H,; Han, C.; Wu, M.; Wong, C.P,; Kang, E; Li, B. Pseudocapacitive anthraquinone modified with reduced
graphene oxide for flexible symmetric all solid-state supercapacitors. Carbon 2018, 127, 459-468. [CrossRef]

Khattak, A.M,; Sin, H.; Ghazi, Z.A_; He, X,; Liang, B.; Khan, N.A.; Alanagh, H.R,; Igbal, A ; Li, L.; Tang, Z. Controllable fabrication
of redox-active conjugated microporous polymers on reduced graphene oxide for high performance faradaic energy storage.
J. Mater. Chem. 2018, 6, 18827-18832. [CrossRef]

Kusuma, H.D.; Rochmadji; Prasetyo, I.; Ariyanto, T. Mesoporous Manganese Oxide/Lignin-Derived Carbon for High Performance
of Supercapacitor Electrodes. Molecules 2021, 26, 7104. [CrossRef] [PubMed]

DeBlase, C.R; Silberstein, K.E.; Truong, T.T.; Abrufa, H.D.; Dichtel, W.R. 3-Ketoenamine-Linked covalent organic frameworks
capable of pseudocapacitive energy storage. . Am. Chem. Soc. 2013, 135, 16821-16824. [CrossRef] [PubMed]

Guo, B,; Yang, Y;; Hu, Z.; An, Y,; Zhang, Q.; Yang, X.; Wang, X.; Wu, H. Redox-active organic molecules functionalized nitrogen-
doped porous carbon derived from metal-organic framework as electrode materials for supercapacitor. Electrochim. Acta 2017,
223,74-84. [CrossRef]

Li, M,; Liu, J.; Zhang, T.; Song, X.; Chen, W.; Chen, L. 2D redox-active covalent organic frameworks for supercapacitors: Design,
synthesis, and challenges. Small 2021, 17, 2005073. [CrossRef]

Luo, B.C; Chen, Y; Zhang, Y.B.; Huo, ].Q. Nitrogen-rich anthraquinone-triazine conjugated microporous polymer networks as
high-performance supercapacitor. New J. Chem. 2021, 45, 17278-17286. [CrossRef]

He, Y;; Cheng, Z.H.; Zuo, H.Y,; Yan, C.N.; Liao, Y.Z. Green Synthesis of Pyridyl Conjugated Microporous Polymers as Precursors
for Porous Carbon Microspheres for Efficient Electrochemical Energy Storage. ChemElectroChem 2019, 7, 959-966. [CrossRef]
Park, S.Y.; Kang, C.W.,; Lee, S.M.; Kim, H.J.; Ko, Y.; Choi, J.; Son, S.U. Nanoparticulate Conjugated Microporous Polymer with
Post-Modified Benzils for Enhanced Pseudocapacitor Performance. Chem. Eur. J. 2020, 26, 12343-12348. [CrossRef]

Liu, X,; Liu, C.-F; Lai, W.-Y.; Huang, W. Porous Organic Polymers as Promising Electrode Materials for Energy Storage Devices.
Adv. Mater. Technol. 2020, 5, 2000154. [CrossRef]

Oliveira, R.D,; Santos, C.S.; Garcia, ].R.; Vidotti, M.; Marchesi, L.F.; Pessoa, C.A. IR drop studies of poly(aniline)-based modified
electrodes. J. Electroanal. Chem. 2020, 878, 114662. [CrossRef]


http://doi.org/10.1016/j.micromeso.2020.110695
http://doi.org/10.1016/j.polymer.2019.122004
http://doi.org/10.1021/acsanm.9b02325
http://doi.org/10.1016/j.polymer.2021.123491
http://doi.org/10.1039/C3PY01688A
http://doi.org/10.1021/acsaem.0c02725
http://doi.org/10.1002/ange.201905713
http://doi.org/10.1039/C9NR00068B
http://doi.org/10.1039/C6TA05784E
http://doi.org/10.1016/j.carbon.2017.11.003
http://doi.org/10.1039/C8TA07913G
http://doi.org/10.3390/molecules26237104
http://www.ncbi.nlm.nih.gov/pubmed/34885695
http://doi.org/10.1021/ja409421d
http://www.ncbi.nlm.nih.gov/pubmed/24147596
http://doi.org/10.1016/j.electacta.2016.12.012
http://doi.org/10.1002/smll.202005073
http://doi.org/10.1039/D1NJ03180E
http://doi.org/10.1002/celc.201901975
http://doi.org/10.1002/chem.202002311
http://doi.org/10.1002/admt.202000154
http://doi.org/10.1016/j.jelechem.2020.114662

	Introduction 
	Synthesis Methods 
	Materials 
	N,N'-Bis(4-bromobenzoyl)hydrazine 
	2,5-Bis(4-bromophenyl)-1,3,4-oxadiazole (OXD-Br2) 
	2,3,4,5-Tetrabromothiophene (Th-Br4) 
	2,3,4,5-Tetraphenylthiophene (TPTh) 
	2,5-Bis(4-bromophenyl)-3,4-diphenylyhiophene (TPTh-Br2) 
	POSS-OXD, POSS-Th, and POSS-TPTh POIPs 

	Results 
	Synthesis and Character of POSS-OXD, POSS-Th and POSS-TPTh POIPs 
	Electrochemical Performance of the POSS-OXD, POSS-Th, and POSS-TPTh POIPs 

	Conclusions 
	References

