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A B S T R A C T   

In our work, we have been synthesized two-hybrid porous organic-inorganic microporous polymers (POIPs) 
through a simple and friendly Heck coupling reaction at a moderate temperature of cubic octavinylsilsesquioxane 
(OVS) with brominated fluorene (F–Br2) and anthraquinone (A-Br2); respectively, to afford POSS-F-POIP and 
POSS-A-POIP. FTIR, solid-state 13C, and 29Si NMR spectroscopy analyses were carried out to confirm the 
chemical structures of these POIP materials and the presence of POSS units within their framework. TGA 
measurements revealed that POSS-A-POIP possesses high thermal stability (Td10: 600 ◦C, and char yield: 83 wt%) 
due to the presence of rigid anthraquinone and POSS units. Furthermore, POSS-A-POIP features pseudocapacitor 
with high symmetry and high specific capacitance of 152.5 F g− 1 at 0.5 A g− 1 when compared with the POSS-F- 
POIP (36.2 F g− 1 at 0.5 A g− 1). The excellent energy storage performance of POSS-A-POIP could be attributed to 
the Faradaic reaction of anthraquinone and the π-conjugated system.   

1. Introduction 

Porous organic polymers (POPs) are interesting materials because of 
their unique features including excellent chemical resistance, low 
regeneration energy, low density, high thermal stability, facile prepa-
ration, ease post functionalization and modification, high surface area, 
and tunable porosity [1–10]. The preparation of POPs was carried out 
and reported by using different synthetic methodologies such as Heck 
crosslinking coupling, Friedel-Graft’s reaction, FeCl3 oxidative poly-
merization, Suzuki coupling reactions, Buchwald–Hartwig (BH) 
coupling, Schiff-base condensation, Yamamoto reaction, 
Sonogashira-Hagihara coupling reaction [11–25]. These interesting 
materials have been used in some applications including enantiosepa-
ration, energy storage, drug delivery, chemical sensing for metals ions, 
separation analyses, dyes removing from water, gas adsorption and 
conversion, lithium, and sodium ions batteries, nanofiltration, hydrogen 
production (H2) from water, photocatalysis, light-harvesting, iodine 

adsorption and optoelectronic devices [26–43]. Nowadays, the prepa-
ration of porous hybrid polymers with high surface area, optical trans-
parency, high thermal and mechanical strength based on polyhedral 
oligomeric silsesquioxanes (POSS) have been synthesized widely and 
these materials have been widely applied in catalysis, aerospace, mi-
croelectronics, chemical sensing, water treatment, biomedicine, iodine 
capture and so on [44–55]. Cubic octavinylsilsesquioxanes (OVS) are a 
class of silsesquioxane cages with an empirical formula (RSiO1.5), and a 
diameter in the range of 1–3 nm [56–62]. There are many examples for 
the preparation of porous polymers by using OVS as a building unit with 
high BET specific surface area, outstanding thermal stability, tunable 
morphology, and fluorescence properties were reported and done by 
many groups by using Heck coupling reaction [44–55,63–65]. There is 
enormous demand for clean and low-price environmentally friendly 
energy storage devices with high performance, due to the prosperity in 
manufacturing of wearable and portable electronic devices [66–75]. For 
high energy storage devices, very high power and/or energy density, 
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excellent safety features, use of abundant elements, long durability, and 
prolonged cycle life are the most important parameters. Among the 
high-performance energy storage devices, Supercapacitors which char-
acterized by high power density, remarkable safety, and long-life span 
which may exceed 106 cycles and relatively low cost [72–75]. However, 
the lower energy density of supercapacitors (<10 Wh kg− 1) than those of 
batteries were severely hindered their applications [76]. The energy 
density of supercapacitors could be improved by incorporating redox 
moieties into carbonaceous materials which provides a chance to merge 
the merits of the electrical double-layer capacitor (EDLC) and pseudo-
capacitor mechanisms [77,78]. For instance, anthraquinone-decorated 
graphene hydrogel [79], heteroatom-doped carbon materials [80,81], 
transition metal oxide dispersed nitrogen-doped porous carbons [82], 
introducing of 2,6-diaminoanthraquinone (DAAQ) moieties as 
redox-active into the 2D COF [70], graphene oxide (GO) [83,84] and 
polyacrylonitrile/POSS derived carbon nanofibers (CNFs) [85] have 
been reported. Though the use of OVS, fluorene and anthraquinone 
based on hybrid porous polymers for energy storage has not been dis-
cussed until now. In this work, we have been successfully synthesized 
hybrid organic-inorganic microporous polymers through the Heck re-
action of octavinylsilsesquioxane as a building unit with brominated 
fluorene (F–Br2) and anthraquinone (A-Br2) in the solution state to 
afford POSS-F-POIP and POSS-A-POIP as displayed in Scheme 1. Their 
chemical structures of corresponding monomers and polymers, their 
thermal stability, texture porosity, morphology, CO2 capture, and elec-
trochemical performance were discussed in detail. 

2. Experimental section 

2.1. Materials 

Octavinylsilsesquioxane (OVS) and potassium carbonate (K2CO3) 
were ordered from Alfa Aesar. Tetrahydrofuran (THF), N,N- 
dimethylformamide (DMF), methanol (MeOH), and acetone were ob-
tained from Acros. Triethylamine (Et3N) and tetrakis(triphenylphos-
phine) palladium(0) [Pd(PPh3)4] were purchased from Sigma–Aldrich. 
DMF was dried over CaH2 for 24 h. All molecules in this study are not 
toxic and need to use gloves for safety. 

2.2. Synthesis of 2,7-Dibrmo-9H-fluorene (F–Br2) 

In double-necked flask (100 mL) under N2, 4.00 g of fluorene (24.0 
mmol) was soluble in 50 mL of dry CHCl3. Then, 0.134 g of FeCl3 (2.40 
mmol) in 40 mL of CHCl3 was added dropwise to the reaction mixture. 
After that, Br2 solution (1.29 mL, 25.27 mmol) was dropwise to the 
mixture at 0 ◦C and kept the reaction in the dark for 4 h. After 
completing the reaction, the reaction solution was extracted three times 
with saturated aqueous Na2S2O5. The organic layer was dried over 
MgSO4 and removed under a vacuum system to afford F–Br2 as a white 
powder (7.80 g, 89%). M.p.:165 ◦C (DSC, Fig. S1). FTIR (KBr, cm− 1): 
3051, 2922, 1H NMR (500 MHz, CDCl3, δ, ppm, Fig. S2): 3.90 (2H), 7.51 
(2H), 7.61 (2H), 7.66 (2H). 13C NMR (125 MHz, CDCl3, δ, ppm, Fig. S3): 
145.36, 140.13, 130.98, 128.35, 122.06, 36.69. 

2.3. Synthesis of 2,6-dibromoanthraquinone (A-Br2) 

In dry 250 mL flask under N2 containing acetonitrile (100 mL), CuBr2 
(15.63 g, 71.5 mmol), 2,6-diaminoanthraquinone (6.87 g, 28.6 mmol), 
and tert-butyl nitrite (8 mL). The brown solid was formed after refluxing 
at 80 ◦C for 12 h. The brown solid was purified by the crystallization in 
1,4-dioxane as a solvent to obtain A-Br2 (7.87 g, 98% yield). M.p.: 
285–287 ◦C (DSC). 1H NMR (500 MHz, CDCl3, δ, ppm, Fig. S4): 8.43 
(2H), 8.15 (2H), 7.95 (2H). 13C NMR (125 MHz, CDCl3, δ, ppm, Fig. S5): 
179.66, 135.89, 132.97, 130.41, 128.83, 128.68, 127.60. 

2.4. Synthesis of POSS- F-POIP and POSS-A-POIP 

In two neck flask (100 mL), A mixture of F–Br2 (0.40 g, 0.126 mmol), 
or A-Br2 (0.50 g, 0.136 mmol), OVS (0.40 g, 0.63 mmol), potassium 
carbonate (1.40 g, 1 mmol) and Pd(PPh3)4 (0.04 g, 0.0034 mmol) in 
DMF (30 mL) and then the reaction solution was stirred and heated for 
48 h at 120 ◦C under N2. After cooling to room temperature, the ob-
tained solid was washed with DMF, THF, acetone, and methanol. 
Finally, the product was dried in an oven for 24 h at 70 ◦C under a 
vacuum environment to get yellow powder (0.30 g, 80%) for POSS-F- 
POIP and dark green powder (0.43 g, 85%) for POSS-A-POIP. 

Scheme 1. Synthesis of (b) POSS-F-POIP and (c) POSS-A-POIP from (a) OVS through Heck coupling reaction.  
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3. Results and discussion 

Scheme 1 shows the preparation of two types of porous organic- 
inorganic polymers based on POSS, 9H-fluorene, and anthraquinone 
(POSS-F-POIP and POSS-A-POIP). Firstly, F–Br2 was prepared through 
the reaction of 9H-fluorene with bromine solution in the CHCl3 as sol-
vent at 0 ◦C (Scheme S1(a)). Secondly, A-Br2 was synthesized via the 
reaction of 2,6-diaminoanthraquinone with tert-butyl nitrite and CuBr2 
in dry acetonitrile at 70 ◦C (Scheme S1(b)). Thirdly, POSS-F-POIP and 
POSS-A-POIP were obtained through the Heck coupling reaction of 

F–Br2 and A-Br2 with OVS in anhydrous DMF containing potassium 
carbonate and Pd(PPh3)4 as a catalyst for 72 h at 120 ◦C as shown in 
Scheme 1. The obtained POSS-F-POIP and POSS-A-POIP were insoluble 
in THF, DCM, MeOH, DMSO, CHCl3, and acetone. Their chemical 
structures of the POSS-F-POIP and POSS-A-POIP were carefully 
confirmed by using different instruments including solid-state 13C and 
29Si NMR, and FTIR spectroscopy recorded at 25 ◦C. As presented in 
Fig. 1(a), the corresponding absorption bands for the stretching C––C–H, 
C––C, and Si–O–Si groups in the OVS molecules appeared at 3066, 1600, 
and 1107 cm− 1, respectively. The characteristic absorption bands at 

Fig. 1. FTIR analyses of (a) OVS, (b) F–Br2, (c) A-Br2, (d) POSS-F-POIP, and (e) POSS-A-POIP.  

Fig. 2. (a) 13C and (b) 29Si solid-state NMR spectra of POSS-F-POIP and POSS-A-POIP. Asterisks denote spinning sidebands.  
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3064 and 3081 cm− 1 corresponding to the C–H aromatic in the F–Br2 
and A-Br2; respectively (Fig. 1(b) and (c)). As displayed in Fig. 1(d) and 
(e), the absorption signals in the FTIR profiles of the POSS-F-POIP and 
POSS-A-POIP were observed in the range 2981–2964 and 1600-1590 
cm− 1 for their stretching aliphatic C–H units and double bonds (C––C). 
As expected, the absorption bands of the Si–O–Si units in both two 
porous materials (Fig. 1(d) and (e)) were broader than the stretching 
vibrations of the Si–O–Si unit in the OVS compound, which is attributed 
to the formation of cross-linked networks. 

As observed in the solid-state 13C NMR of the POSS-F-POIP and 
POSS-A-POIP (Fig. 2(a)), the signals of the carbon nuclei were located at 
148.70-129.19, 134.23, and 118.55 ppm; respectively for the POSS-F- 
POIP and at 140.70-129.48, 131.84, and 124.45 ppm; respectively for 
the POSS-A-POIP, which are representing to their aromatic carbons, 
SiCH––CH and SiCH= CH-Ph units; respectively. The peak at 35.30 ppm 
in the spectrum of POSS-F-POIP is due to the presence of the CH2(a) unit 
in the fluorene moiety. In addition, the spectrum of POSS-A-POIP had a 
carbon signal at 179.96 ppm, representing the C––O groups. Further-
more, the remaining POSS units in both POSS-F-POIP and POSS-A-POIP 
frameworks were confirmed by using 29Si MAS NMR measurements 
(Fig. 2(b)). The signals were observed near at − 14.46, − 69.28, and 
− 80.78 ppm in both samples which are attributed to the Si––CH2, T2, 
and T3 units in their framework. Taken all spectral analyses, as shown 
above, they confirmed the successful syntheses of the POSS-F-POIP and 
POSS-A-POIP framework. 

The thermal stability of new POSS-F-POIP and POSS-A-POIP was 
tested using thermogravimetric analysis under N2 at 20 ◦C min− 1, as 
provided in Fig. 3. TGA profiles (Fig. 3(a) and (b)) showed the thermal 
decomposition temperatures of Td5, Td10 with a char yield at 246, 263 
◦C, and 3.6 wt%; respectively; for OVS. For F–Br2, they were 215 ◦C, 233 
◦C, and 0 wt% respectively; for A-Br2; they were 272 ◦C, 289 ◦C, and 0 wt 
% respectively. Interestingly, we observed that after crosslinking for-
mation of OVS with F–Br2 and A-Br2 through Heck coupling reaction, we 
found that the thermal stability of the resulting porous materials 
significantly increased. For example, the values of Td5, Td10 and the char 
yield of POSS-F-POIP were 277 ◦C, 442 ◦C, and 76 wt% respectively; for 

POSS-A-POIP they were 508 ◦C, 600 ◦C, and 83 wt%; respectively. 
Furthermore, the POSS-A-POIP framework displayed higher thermal 
stability as compared with POSS-F-POIP and the other porous frame-
works [48] due to the anthraquinone structure and its high crosslinking 
density. The thermal stability results (including Td5 and Td10 and the 
char yields) of the POSS-F-POIP and POSS-A-POIP were summarized in 
Table 1. 

The POSS-F-POIP and POSS-A-POIP are amorphous materials and 
did not have long-range order character, as revealed in powder X-ray 
diffraction pattern (Fig. S6) and these results were also observed with 
other porous POSS-based materials. The observed diffraction peaks near 
at 2θ = 22.86◦ in POSS-F-POIP and POSS-A-POIP framework, which also 
appeared in amorphous silica nanocomposites and participated with the 
Si–O–Si units. To confirm the porosity properties of the POSS-F-POIP 
and POSS-A-POIP framework, the N2 adsorption-desorption analyses 
were done at 77 K and 1 bar (Fig. 4). Fig. 4(a) and (b) show that the N2 
uptake profiles of the POSS-F-POIP and POSS-A-POIP framework 
exhibited type I isotherms with some type IV isotherm features ac-
cording to IUPAC classification. As shown in both isotherms, at low and 
high relative pressure (P/P0); POSS-F-POIP and POSS-A-POIP frame-
work had a sharp N2 uptake due to the presence of mesopores and mi-
cropores character within these materials. The SBET, Langmuir surface 
areas, and total pore volumes of POSS-F-POIP were 452 m2 g− 1, 689 m2 

g− 1, and 0.8 cm3 g− 1; respectively (Table 1). While the POSS-A-POIP 
possesses SBET surface area of 426 m2 g− 1; and Langmuir surface area 
of 651 m2 g− 1 with total pore volumes of 1.14 cm3 g− 1 (Table 1). Finally, 

Fig. 3. TGA analyses of (a) OVS, F–Br2, and POSS-F-POIP and (b) OVS, A-Br2, and POSS-A-POIP.  

Table 1 
Thermal and porosity properties of POSS-F-POIP and POSS-A-POIP materials.  

Materials Td5 

(oC) 
Td10 

(oC) 
Char 
yield 
(wt%) 

SBET 

(m2 

g− 1) 

SLangmuir 

(m2 g− 1) 
Vtotal 

(cm3 

g− 1) 

Pore 
size 
(nm) 

POSS-F- 
POIP 

277 442 76 452 689 0.80 2.14 

POSS-A- 
POIP 

508 600 83 426 651 1.14 2.06  
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the pore size diameters of POSS-F-POIP and POSS-A-POIP (Fig. 4(c) and 
(d)) based on nonlocal density functional theory (NL-DFT) were 2.04 
and 2.06 nm; respectively. 

FE-SEM and HR-TEM (Fig. 5) were performed to investigate the 
morphology, ordering, and porosity properties of POSS-F-POIP and 
POSS-A-POIP. The SEM images of POSS-F-POIP and POSS-A-POIP (Fig. 5 
(a)–(d) and Fig. S7) exhibited irregular aggregated small spheres. The 
TEM images also showed porous character with a uniform pore diameter 
and no long-range ordering of these materials (Fig. 5(e) and (f)). 

CO2 uptake capacity analyses of the POSS-F-POIP and POSS-A-POIP 
were carried out at 298 and 273 K; respectively (Fig. 6(a) and (b)). We 
found that the POSS-F-POIP and POSS-A-POIP exhibited CO2 capacities 
of 1.63 and 1.25 mmol g− 1; respectively at 298 K. At 273 K, the CO2 
uptakes of POSS-F-POIP and POSS-A-POIP were 2.28 and 1.8 mmol g− 1. 
The CO2 uptake performance of the POSS-F-POIP at 298 and 273 K was 
higher than POSS-A-POIP at the same two temperatures, which are 
attributed to its high surface area and large pore diameter. 

The electrochemical performance of POSS-F-POIP and POSS-A-POIP 

Fig. 4. N2 isotherms and pore size diameter of POSS-F-POIP (a, c) and POSS-A-POIP (b, d).  

Fig. 5. SEM images of POSS-F-POIP (a and b) and POSS-A-POIP (c and d). TEM images of (e) POSS-F-POIP and (f) POSS-A-POIP.  
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samples was estimated through galvanostatic charge-discharge (GCD) 
and cyclic voltammetry (CV) measurements in 1 M KOH aqueous solu-
tion using the three-electrode system. Fig. 7 shows the CV curves of 
POSS-F-POIP and POSS-A-POIP samples measured at different scan rates 
of 5–200 mV s− 1 in the potential window from − 1.00 to 0 V (vs. Hg/ 

HgO). These CV curves of the POSS-F-POIP sample (Fig. 7(a)) showed 
rectangular-like shapes with humps, implying that this capacitive 
response originated from EDLC [66,67]. This appearance of humps in 
the rectangular-like shape is a sign of pseudocapacitance arising from 
the existence of the electron-rich phenyl rings and the electroactive 

Fig. 6. CO2 capacities of POSS-F-POIP and POSS-A-POIP were recorded at 298 K (a) and 273 K (b).  

Fig. 7. (a and b) CV and (c and d) GCD profiles, recorded in 1 M KOH of (a and c) POSS- F-PIOP and (b and d) POSS-A-POIP.  
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methylene group at position 9 of the fluorene backbone where the redox 
process occurred during charge and discharge procedures [68]. The 
anthraquinone backbone within the POSS-A-POIP sample undergoes a 
reversible redox process, as shown in the voltammetric profile (Fig. 7 
(b)). Upon increasing the scan rate from 5 to 200 mV s− 1, the shape of CV 
curves was retained, and the peak current density was increased, sug-
gesting facile kinetics and good electron-transporting properties [69, 
70]. The peak separation (ΔEp ≈ 120 mV) between the reduction and 
oxidation, peaks were relatively small, indicative of fast electron 
transfer [70,71]. The symmetrical features of redox peaks are an indi-
cation of the high reversibility of the redox Reaction. The POSS-A-POIP 
exhibited a very higher current density compared to the POSS-F-POIP. 
Fig. 7(c) and (d) present the GCD curves of the POSS-F-POIP and 
POSS-A-POIP samples, recorded at different current densities of 0.5–20 
A g− 1. The GCD curves of the POSS-F-POIP sample possess triangular 
shapes with a slight bend, indicating both EDLC and pseudocapacity 
characteristics [70,71]. The GCD curves of the POSS-A-POIP sample 
showed the typical feature of pseudocapacitor with high symmetry, 
indicating good electrochemical reversibility and capacitance perfor-
mance [74,75]. The discharging time of the POSS-A-POIP was longer 
than the POSS-F-POIP (Fig. 7(c) and (d)), implying that the capacitance 
of the POSS-A-POIP was larger than the POSS-F-POIP. Fig. 8(a) presents 
the specific capacitances of POSS-F-POIP and POSS-A-POIP samples 
calculated from GCD curves based on Eq. (S1). The POSS-A-POIP dis-
played excellent capacitance compared to other porous materials 
(Table S1), with a value of 152.5 F g− 1 at the current density of 0.5 A 
g− 1. The excellent performance could be attributed to the Faradaic re-
action of anthraquinone and the π-conjugated system. Moreover, the 

Ragone plot (Fig. 8(b)) showed that the POSS-A-POIP electrode has 
higher energy and power densities compared with the POSS-F-POIP. The 
capacitance retention of POSS-F-POIP and POSS-A-POIP were 92.3 and 
93.0% after 2000 GCD cycles (Fig. 9). In this regard, DeBlase et al. 
proposed the DAAQ-TFP COF with the capacitance of ca. 48 F g− 1 at 0.1 
A g− 1, which stabilized at ca. 40 F g− 1 after 10 GCD cycles [70]. Sun 
et al. synthesized novel nanocomposite of graphene 
nanosheets/acid-treated multi-walled carbon nanotube-supported poly 
(1,5-diaminoanthraquinone), this composite exhibited a specific 
capacitance of 80.8 F g− 1 at 0.5 A g− 1, respectively, in 1 mol L− 1 tet-
raethylammonium tetrafluoroborate-acetonitrile (Et4NBF4-AN) electro-
lyte [72]. In addition, Xu et al. prepared flexible 1,4,5,8-tetrahydroxy 
anthraquinone (THAQ)/graphene composite electrodes (THAQ/rGO) 
and hydrothermal-treated THAQ (H-THAQ) as a control sample, and the 
H-THAQ and THAQ/rGO composite showed specific capacitance of 15 
and 76 F g− 1 at 1.00 A g− 1, respectively, in 1 M H2SO4 solution [73]. 
Moreover, Guo et al. studied the electrochemical performance of 1, 
4-naphthoquinone (AQ) for supercapacitor [71]. The AQ exhibited a 
specific capacitance of 42 F g− 1 at 1.00 A g− 1. Recently, we proposed 
that TPE-DDSQ POIP and Car-DDSQ POIP displayed a specific capaci-
tance of 22 and 23 F g− 1 at 1 A g− 1 [30]. We also prepared poly(cyanate 
ester)–functionalized DDSQ and this material had a specific capacitance 
of 20 F g− 1 [86]. Also, the POSS-A-POIP exhibited specific capacitances 
higher than those of conjugated microporous polymers [74], porous 
organic polymers [66], and covalent organic frameworks [75]. 

Fig. 8. (a) Corresponding specific capacitances determined at various current densities and (b) Ragone plot of POSS-F-POIP and POSS-A-POIP.  

Fig. 9. Cycling stabilities of (a) POSS-F-POIP and (b) POSS-A-POIP, obtained at 10 A g− 1 after 2000 cycles.  
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4. Conclusion 

Two types of organic-inorganic hybrid porous polymers, POSS-F- 
POIP and POSS-A-POIP were synthesized simultaneously using cubic 
polyhedral oligomeric silsesquioxanes (OVS) as building blocks and two 
different brominated monomers via Heck cross-coupling reactions. Ac-
cording to N2 isotherm and TGA analyses revealed that POSS-A-POIP 
had a BET surface area of 426 m2 g− 1 and a high Td10 up to 600 ◦C 
with char yield up to 83 wt%. In addition, the specific capacitance of the 
POSS-F-POIP and POSS-A-POIP were 36.2 and 152.5 F g− 1, respectively. 
From electrochemical results, the POSS-A-POIP exhibited outstanding 
energy storage performance compared to POSS-F-POIP and other porous 
framework materials because of the π-conjugated system and the Fara-
daic reaction of anthraquinone moiety. 
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