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Abstract: Hypercrosslinked polymers (HCPs) are very promising for large-scale applications due to 14 

their easy preparation, high thermal stability, and good capability of CO2 capture. Currently, many 15 

amine-functionalized porous materials are prepared through two steps. In this paper, the amine-16 

functionalized HCPS was obtained with a one-step method and it showed a high CO2 adsorption up 17 

to 4.24 mmol/g at 273 K. In addition, since the azo-functionalized porous materials have many 18 

potential applications like the photoresponsive ‘smart’ materials, azobenzene is an attracting 19 

functional group for the development of porous materials. Herein, the azo-functionalized HCPs is 20 

firstly reported, and it is used as CO2 adsorbents (3.02 mmol/g at 273 K) performing good CO2/N2 21 

selectivity (34.52 at 298 K).  22 
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1. Introduction 

The concentration of CO2 in the atmosphere has increased to a high level, at 408 parts per 

million which is about 45 percent higher than the preindustrial level. As the increase of CO2 

concentration contributors to climate change, it is desiring to develop efficient technologies to 

capture CO21,2. Different methods including absorption, adsorption, membrane separation, or 

cryogenic distillation processes have been researched to capture CO23-5. Among them, 

adsorption is a promising way to capture CO2 because of its high adsorption capacity, easy 

regeneration, and strong stability. Aqueous amine, as a commonly used adsorbent of CO2 in 

industry, has distinct disadvantages including high regeneration costs, volatility, and corrosion 

of the equipment6,7. Thus, POPs - porous organic polymers8-10, HCPs - hypercrosslinked 

polymers11-13, CMPs - conjugated microporous polymers14,15, PIM - polymers of intrinsic 

microporosity16, CTFs - covalent triazine frameworks17-19, and PAFs - porous aromatic 

frameworks20, have been researched intensively because they perform good capacity of capture 

CO2 with low energy regeneration 21,22.  

The introduction of basic nitrogen functionalities, such as amine23-27, amide28-30, azobenzene31-

33, triazine34-36, carbazole37-39, porphyrin units40-42, and naphthyl groups43 into POPs, has been 

proven to be beneficial for gas storage due to the activation of CO2 from their CO2-philic 

nature44,45. Among them, the azo functional groups are very attractive, because they are also 

highly selective and sensitive to various metal ions and are potential candidates of 

heterogeneous supports for noble metal catalysts 31,46. In addition, the photoresponsive nature 

of azobenzene and its derivatives also make the azo-functionalized porous materials possible 

candidates as stimuli-responsive ‘smart’ adsorbents 32,47,48. Light responsive metal organic 

frameworks (MOFs), which show a high capacity of CO2 capture capacity by photo switching 
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have been reported49-51. A few studies have also been made with POPs decorated by 

azobenzene groups such as UCBZ32, and Azo-COP-252. In terms of UCBZ, after it was 

irradiated upon UV light, the CO2 uptake increased. Because the azobenzene occurs 

isomerization from trans to cis, more pores open and gas uptake increases simultaneously32. 

Azo-COP-2 has also exhibited an efficient CO2 photoswitching control reaching up to 25% 

instantaneous release of captured CO2 as well as a superior CO2/N2 separation after the 

irradiation with UV light52. Comparing to light-responsive MOFs, light-responsive POPs have 

been rarely investigated. However, POPs show better performance in light weight, 

physicochemical stability and structural tunability. 

HCPs are very promising for large-scale application due to remarkable advantages including 

low cost, easy large-scale application, easy functionalization, high porosity, great stability, and 

mild operating conditions 11,12 However, most of the functionalized HCPs were synthesized 

through rigorous conditions, multi-steps, using the expensive catalysts, with low amine content, 

low thermal stability. For example, Turner et al. 23 developed series of amine-containing HCPs-

based CO2 adsorbents, divinylbenzene-maleic anhydride (DVB-MAH) copolymer, through a 

two-step post-modification. The HCPs showed low CO2 capture capacity (0.96-1.53 mmol/g 

at 273 K and 1 bar). Recently, Liu et al. 53 also reported one type of amine-functionalized HCPs 

(XAD-4-pc) through two steps including the reaction of Friedel-Crafts, and the impregnation 

with polyethyleneimine (PEI) for CO2 capture. The maximum CO2 uptake for the PEI-

functionalized XAD-4-pc was 3.24 mmol g−1 at 298K, but the high reaction temperature up to 

773K leads to a high process cost. In addition, Qin’s group reported amino-functionalized 

hypercrosslinked polymers through a method of Friedel-Crafts, with formaldehyde dimethyl 

acetal (FDA) as the crosslinker for anionic dye removal and CO2/N2 separation.54 However,  

the BET surface area of the polymer was only 77.3 m2 g−1. Although some efforts have been 
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made, it is still essential to develop new amine/azo-functionalized POPs through mild and easy 

handling ways to have high CO2 capture capacities and selectivity.  

Herein, we synthesized amine/azo functionalized HCPs under simple synthesis conditions. 

HCPs are very stable exhibiting good CO2 uptake and CO2/N2 selectivity. To our best 

knowledge, it is the first time to introduce azobenzene functional groups into HCPs. The amine-

functionalized HCPs were prepared using the Friedel-Crafts alkylation reaction of 4-Amino-p-

terphenyl with dichloromethane (DCM as solvent and cross-linker) in the presence of AlCl3 

catalyst (Scheme 1, defined as P1). Then azo-functionalised HCPs (Scheme 1, P2) were 

prepared by the polymerization of P1 and nitrosobenzene  because nitrosobenzene and aniline 

could form azobenzene 55. In addition, P0, without any functional group, was synthesized from 

p-terphenyl and DCM under the same condition, with the same monomer ratio for comparison 

(Scheme 1).  

2. Experimental  

2.1 Chemicals 

 

Scheme 1. Synthetic schematic diagram of P0, P1 and P2. 
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All chemicals were purchased without further purification. P-terphenyl and 4-Amino-p-

terphenyl were bought from Aladdin Chemical Reagent Corp (Shanghai, China). Anhydrous 

aluminum chloride DCM, ethanol, nitrobenzene, and HCl were purchased from Sinopharm 

chemical reagent Co., Ltd (Shanghai, China). 

2.2 Materials Synthesis. 

Synthesis of P0 The solvent, DCM (8 mL), is used to dissolve the monomer, p-terphenyl (1 

mmol), and the catalyst (AlCl3, 12 mmol) under N2 atmosphere, at room temperature. The 

reaction was heated to 80 °C for 24 h to obtain the polymer. The resulting production was 

quenched with HCl-H2O (20 ml, v/v=2:1), and washed by water and ethanol, separately. The 

final production was extracted using ethanol for 48 h. Finally, the solid was obtained after it 

was dried in a vacuum oven at 65 °C for 24 h. 

Synthesis of P1 was made through the same procedure of P0 with 4-Amino-p-terphenyl (1 

mmol), 8 mL DCM, and 12 mmol catalyst (AlCl3). The reaction happened from 0°C to 80 °C 

following the same route mentioned above in the synthesis of P0. The obtained solid was 

quenched by 20 ml hydrochloric solution (v/v=2:1) and ethanol, separately, before it was dried 

in the vacuum oven at 65 °C for 24 h. 

Synthesis of P2: Nitrobenzene (1 equivalent) and P1 (3 equivalent) reacted in DMF (5 mL) 

under N2 for 12 h to obtain P2. 

2.3 Characterization 

The polymers were characterized to confirm the existence of surface functional groups. The 

molecule structure of the polymers was determined by using WB 400 MHz Bruker Avance III 

13C cross-polarization/magic-angle spinning nuclear magnetic resonance (13C CP/MAS NMR) 
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spectrometer (spinning rate of 20 kHz and a 2.5 mm double-resonance MAS probe). The 

surface functional groups were analysed by Bruker VERTEX 70 Fourier-transform infrared 

spectroscopy (FTIR) with the spectrum ranging from 500 to 4000 cm−1. A CHNS Elemental 

Analyzer (Perkin Elmer PE2400CHNS) was employed to determine the chemical composition 

of the samples. A FEI Quanta FEG - Environmental SEM (field-emission scanning electron 

microscopy, FE-SEM) Oxford Ex-ACT analyzer was used to observe the surface of the 

chemicals operating at 10 kV. A Mettler Toledo DSC / TGA 1 Star TGA (thermogravimetric 

analysis) was employed to test the stability of the chemicals with the temperature changing to 

850 °C at 10 °C min-1 with N2 carrier gas. In addition, a Micromeritics ASAP 2020 M analyzer 

was used to test the porous property and CO2 capture. To remove volatiles, the samples were 

degassed for around 12 h at 150 °C and at vacuum conditions. The porous property including 

surface area, pore size distribution, and pore volume were determined according to nitrogen 

adsorption and desorption isotherms at 77 K in a partial pressure (P/P0) between 0.05–0.99. 

The mesopore volume was measured as the difference of total pore volume at the partial 

pressure of 0.99 and the micropore volume (based on Non-Local Density Functional Theory 

(NDLFT)). The selectivity to CO2/N2 was calculated at 298 K using the initial slope method. 

3. Results and discussion 

3.1 Polymer characterization 

The molecular structure of the HCPs obtained from CP-MAS 13C NMR analysis is shown in 

Figure 1. A and Figure S1. The resonance peaks around 130 ppm and 139 ppm are due to 

nonsubstituted aromatic carbon and substituted aromatic carbon, respectively. And the 

resonance peaks near 35 ppm and 18 ppm are related to carbon in methylene linker formed 
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after Friedel-Crafts reaction, while the amine bond is not obvious. The results are consistent 

with literature 42,56,57.  

Figure 1.  (a) Solid state cross-polarization (CP)13C MAS NMR of P0, P1, and P2. P0 was 

obtained from the monomer of p-terphenyl, while P1 was from p-terphenyl. P2 was prepared 

with the azo functional group.  (b) FT-IR spectra results of P0, P1, and P2. 

 

Figure 2.  SEM images for P0 (a and b), P1 (c and d), and P2 (e and f) with a scale bar of 100 

μm and 20 μm, respectively.  
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In the FTIR spectra results, the peaks around 1450 cm-1 and 2900 cm-1 in three polymers are 

related to the C=C stretching vibrations and C−H stretching vibrations of methylene, 

respectively, proving the successful synthesis of HCPs 56. Moreover, the peaks at 3438 cm-1, 

1598 cm-1, 883 cm-1, and 1265 cm-1 in the FTIR spectrum are associated with the N-H 

stretching, N–H bending, N–H wagging vibrations, and C-N stretch inside P1, respectively, 

which confirm the existence of amine (Figure 1. b) 34,58,59. In addition, the peaks of 1305 cm-1 

are responding to the N=N stretching band in P2, indicating that the azobenzene group is stable 

and retained in the frameworks31,32. Furthermore, the nitrogen content was also tested by 

elemental analysis. P2 was found to contain 5.88% N, which is higher than that of P0 (<0.3%) 

and P1 (3.89%). P2 contains the largest quantity of N, because of the N=N bond in the azo 

group. 

In addition, these polymers exhibit high thermal stability confirmed by the TGA results. Both 

polymers remain over 60% of their mass after 800 ℃ (Figure S2). The morphology is observed 

by FE-SEM as shown in Figure 2. The morphology of P0 (Figure 2a and b) shows the 

aggregations of uniform particles, while porous structures are obtained for P1 and P2 (Figure 

2c and d), and this is consistent with a report work56. 

The porosity results of the polymers are shown in Figure 3a and Table 1. P0, P1, and P2 are 

microporous materials because they exhibit type I isotherms, where the uptake of N2 sharply 

increases in the low relative pressure region (P/P0 < 0.001), and almost reaches a plateau at 

higher pressure. The existence of the hysteresis loop in desorption isotherms of P0 (Figure 3a) 

proves the presence of mesopores, which is consistent with the result of pore size distributions 

of P0 measured by the method of NLDFT (Figure 3b). P0 exhibits obvious peaks corresponding 

to micropore and mesopores. P2 has the narrowest pore size distribution as shown in Fig. 3b, 

while in terms of P1, most peaks stay in the micropore region (<2 nm) ranging from 1.6 nm to 
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1.8 nm. All polymers show hierarchical pores with ultra-micropores (less than 0.7 nm).  In 

addition, P1 and P2 have similar average pore diameter, which is 1.91nm and 1.94nm 

respectively, and they are smaller than that of P0 (5.65 nm) (Table 1). The smaller pore size is 

very important for CO2 adsorption because a smaller pore size results in a deep overlap of 

potential and leads to strong interaction 17,60,61. The BET surface areas and pore volume of P0 

are the largest, with 1062.19 m2/g and 0.69 cm3/g, respectively. The reason that the surface 

area and pore volume of P1 and P2 is less than P0 may be the occupation of the pore channels 

by the amine group, which has also been confirmed by similar research 53. 

3.2. CO2 Adsorption Properties 

The CO2 adsorption isotherms using the developed samples were investigated at 273 K 

up to 1.1 bar (Figure 3. c). P1 shows remarkable capture of CO2 up to 4.24 mmol/g (18.7 

wt%) at 273 K, 1.13 bar, which is better than P0 and P2. The amine group in P1 offers 

CO2-philic sites, which can greatly promote the physicochemical affinity between the 

polymers and CO2 molecule28,44,45,59,62. In addition, P1 was compared with many 

previously reported porous materials with nitrogen-containing groups and the results are 

shown in Table 2. Its capacity of CO2 adsorption is also higher than the reported work. 

With a good capacity of CO2 uptake and easy preparation procedure, P1 is of high 

potential for CO2 capture.   

Though the uptake of CO2 of P2 is the lowest (3.02 mmol/g at 273 K, 1.13 bar) because 

of the low BET surface area and low pore volume. On the other hand, the CO2/N2 

selectivity for P2 is the highest among these three polymers (Table 1 and Figure S3). 

This difference is mainly because azo-containing sites in P2 contribute to CO2 

adsorption, but perform N2 phobicity.  which was confirmed by Hasmukh A. Patel who 
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investigated CO2 selectivity at high-temperature (>40 ℃) using N2-phobic COPs 63. As 

a good CO2/N2 selectivity is vital for the industrial application of CO2 adsorbents, P2 is 

also a promising candidate for CO2 adsorption. 

Table 1. Porous Texture Properties of P0, P1, and P2. 

Sample SBETa 

(m2/g) 
Vtb 

(cm3/g) 
V0.1c 

(cm3/g) PDd (nm) 
CO2 uptakee 

(mmol/g)  
CO2/N2 
selectivityf 

P0 1062 0.69 0.28 5.65 3.79 18.28 

P1 447 0.21 0.16 1.91 4.24 20.97 

P2 242 0.12 0.09 1.94 3.02 34.52 
a Apparent surface area was measured according to the BET method at 77K. b Total pore 
volume was obtained from the N2 isotherm at P/P0 = 0.99 and 77.3 K. c Micropore volume was 
calculated by the t-plot method at P/P0 = 0.05. d Average pore diameter. e CO2 uptake was from 
the Micromeritics ASAP 2020 M analyzer at 273.15 K . f CO2/N2 selectivity is calculated by 
the initial slope method at 298 K.  

To confirm the relationship between HCPs and CO2 molecules, the isosteric heat (Qst) of 

adsorption was measured by fitting the CO2 adsorption isotherms at 273.15 and 298.15 K using 

the Clausius–Clapeyron equation (Figure 3d) 43. Qst of all the samples is located in the range 

between 24 and 32 kJ/mol, while CO2 is loaded between 1.43 and 27.98 m3/g. these values are 

higher than 20 kJ mol−1 and less than 40 kJ mol−1 64, the combined nature including both 

physical and chemical adsorption is confirmed 65. The values of Qst decrease with the increase 

of the adsorption amount of CO2 because most of the adsorption sites are occupied by CO2 at 

the beginning, resulting in the decreasing trend of adsorption heat 53. Qst of P1 and P2 is very 

similar and is higher than P0, which might be attributed to the amine/azo groups which have a 

better affinity towards CO2. In addition, the introduction of N to the networks is efficient to 

improve the isosteric heat of polymers. It is noted that P1 and P2 show higher isosteric heat 

than similar polymers reported 43. 
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Figure 3. (a) Nitrogen adsorption and desorption isotherms of P0 (up) and P1 (bottom) measured 
at 77.3 K and 1.00 bar. Open symbols represent adsorption and filled symbols represent 
desorption. (b) Pore size distribution curves of P0 (up) and P1 (bottom) calculated according to 
the NDFT.  (c) Volumetric CO2 adsorption isotherms and desorption isotherms of P0 and P1 up 
to 1.13 bar at 273.15 K. Open symbols represent adsorption and filled symbols represent 
desorption. (d)Isosteric heat of adsorption calculated at different CO2 loadings. 
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Table 2. Summary of surface area and CO2 uptake at 273 K, 1 bar in 
nitrogen- doped functionalized porous materials. 

T (K) = Surface area 
(m2/g) 

CO2 uptake 
(mmol g-1) 

Selectivity Ref. 

P1 447 3.65 20.97 This 
work P2 242 3.02 34.52 

XAD-4-pc 1239 - - 53 

Azo-POF-1 712 2.98 46 
33 

Azo-POF-2 439 1.92 54 

Azo-MOP-1 456 2.21 - 

31 
Azo-MOP-2 706 3.06 - 

Azo-MOP-3 523 1.85 - 

Azo-MOP-4 335 1.77 - 

Azo-PPor-1 750 2.45 - 
40 Azo-PPor-2 664 2.23 - 

Azo-PPor-3 587 2.26 - 

CTF-FUM-350 230 3.49 102.4 

17 

CTF-FUM-400 480 2.45 96.3 

CTF-FUM-500 603 2.40 67.3 

CTF-DCN-400 690 2.12 33.7 

CTF-DCN-500 735 2.69 37.0 

CMP-1-NH2 710 - -  62 

PAF-32-NH2 1230 - - 66 

PAF-33-NH2 370 1.19 - 24 

NPOF-4-NH2 554 - 40 58 

HCP-A 412 1.21 - 
23 HCP-B 500 1.46 - 

HCP-C 346 1.15 - 
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HCP-D 343 1.53 - 

HCP-E 183 0.96 - 

 

Conclusions 

In summary, we have successfully synthesized new amine/azo-functionalized porous materials, 

P1 and P2, by introducing -NH2/azo groups into HCPs. P1, amine-functionalized HCPs, shows 

excellent CO2 adsorption capacities up to 4.24 mmol/g at 273 K, while P2, azo-functionalized 

HCPs, shows a higher CO2/N2 selectivity (34.52). Although, very similar polymers without 

functionalities, P0, show a higher BET surface area and pore volumes, but P1 and P2 perform 

better capacity of CO2 adsorption and selectivity of CO2/N2 than P0. The reason is supposed to 

be the combined effect of the N-containing sites and pore size. More importantly, when P1 is 

compared with many other CO2 adsorbents reported, it shows a better capability of CO2 

adsorption. Some of the reported materials were prepared through two-step methods, while P1 

is obtained by a one-step method. From the results above, it is confirmed that the route to 

introduce amine/azo groups into the porous materials is useful and meaningful for CO2 

adsorption. 
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