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A B S T R A C T   

The porous organic polymers have been considered as effective materials for gas storage and adsorption. Herein, 
we synthesized highly crystalline nitrogen-rich covalent triazine frameworks (CTFs) by polycondensation for 
preparing the novel hyper-cross-linked conjugated polymers (HCCPs) with tunable specific surface area and pore 
volume through coupling Friedel-Crafts reaction, in which 1,4-Bis(chloromethyl)benzene and 4,4-Bis(chloro-
methyl)biphenyl as the expansion molecules were pillared between the layers of CTF-HUST. This technology 
not only increased the specific surface area and total pore volume of CTF-HUST by 2.56 and 4.68 times, but also 
greatly enhanced the utilization of adsorption sites of CTF-HUST. The HCCP2–1.25 exhibited the highest surface 
area (1349.29 m2g− 1) among these HCCPs and demonstrated excellent adsorption performance for ethyl acetate 
(1605.14 mg/g), ethanol (1371.49 mg/g), 1,2-Dichloroethane (1971.68 mg/g), benzene (1151.77 mg/g) and 
toluene (1024.28 mg/g) due to the multiple C-H…O, C-H…Cl, O-H…N and C-H…π interactions between volatile 
organic compounds (VOCs) and HCCPs framework. Moreover, CO2 and H2 storage capacities of the HCCP2–1.25 
were 8.02 wt% and 1.54 wt%, 1.66 and 1.67 times higher than CTF-HUST, respectively. This study developed a 
simple and effective molecular expansion strategy to synthesize a series of novel high-surface-area porous 
polymers for potential applications in the environmental field.   

1. Introduction 

The volatile organic compounds (VOCs) have been recognized as one 
of the major air pollutions that cause an extremely serious threat to 
human health and the environment (Gałęzowska et al., 2016), and many 
standards and laws have been established to control and restrict VOCs 
emissions. The VOCs release sources is mainly from various industrial 
processes, including chemistry, rubber, medicine industry, etc (Vinodh 
et al., 2015; Yang et al., 2019). To minimize the potential risks of VOCs 
to the environment, technologies of catalytic oxidation (Chen et al., 
2020; He et al., 2020; Peng et al., 2020), biological methods (Cheng 
et al., 2016a, 2016b; Wang et al., 2013) and adsorption (Bin et al., 2017; 
Vikrant et al., 2020; Yang et al., 2019) were actively investigated and 
widely used to reduce VOCs. Among them, the adsorption technology 
has broad application prospect due to its great stability, high efficiency, 
low cost and without secondary pollution (Anfruns et al., 2011; Wang 
et al., 2014). Commonly used adsorbents include carbon materials, 

zeolite and porous organic polymers (POPs). However, the application 
of carbon materials and zeolite in the field of gas adsorption is extremely 
limited, since their pore size is difficult to be regulated and functional-
ized, as well as low surface areas result in single gas adsorption and low 
adsorption capacities. In contrast, the POPs are the promising gas 
adsorption material for removing VOCs from polluted air owing to their 
high specific surface area, controlled pore size, high stability and easy 
for modification (Aguayo-Villarreal et al., 2017; Jia et al., 2017; Jiao 
et al., 2020; Kim and Ahn, 2012; Wang et al., 2015; Zhu et al., 2020a). 

Recently, POPs have attracted great attention due to their special 
properties from the porous macromolecular skeleton, which could be 
designed and prepared at the molecular level with controlled surface 
area, well-defined nanopores and diverse functionalization (Kang et al., 
2018; Lau et al., 2019; Wang et al., 2017; Zhu et al., 2015). In particular, 
the high surface area could provide large nanoscale sized space for gas 
storage (VOCs, CO2 and H2, etc) (Chen et al., 2019; Ding et al., 2019; Lu 
et al., 2018; Zhou et al., 2014). A variety of synthesis routes and methods 
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have been investigated in order to design and synthesize porous poly-
mers with high specific surface area (Gao et al., 2019; Li et al., 2011, 
2014; Song et al., 2019). However, the SBET of 80.6% statistic POPs are 
lower than 1200 m2g− 1 (Liu et al., 2020), and the POPs with high surface 
area are mainly constructed in three-dimensional (3D) porous networks 
(Baldwin et al., 2016; Li et al., 2018; Wang et al., 2020). Therefore, 
developing a simple and universal method to synthesize POPs with high 
surface area and large nanopores is meaningful as well as a huge 
challenge. 

In the past decades, the Schiff-base (Meng et al., 2020), boronic acid 
condensation(Evans et al., 2019), Friedel-Crafts reactions (Lee et al., 
2020), Yamamoto coupling (Scherf and List, 2002), 
Sonogashira-Hagihara coupling (Chinchilla and Nájera, 2007), Aldol 
reaction (Lyu et al., 2019), Suzuki-Miyaura coupling (Liu et al., 2020), 
nucleophilic aromatic substitution (Guan et al., 2019), Yamamoto-type 
Ullmann coupling(Ben et al., 2009) and cyano cyclotrimerization (Liu 
et al., 2019) have been used as the types of organic reactions to syn-
thesize the several novel POPs, such as covalent organic frameworks 
(COFs)(Zhang et al., 2019a), hyper-cross-linked polymers (HCPs) (Paul 
et al., 2020), conjugated microporous polymers (CMPs)(Suo et al., 
2021), polymers of intrinsic microporosity (PIM)(Jeon et al., 2017), 
covalent triazine frameworks (CTFs)(Liu et al., 2018) and porousar-
omatic frameworks (PAFs)(Tian and Zhu, 2020) etc. Although the 
framework structures of the organic porous polymers described above 
are gorgeous, almost all of them were synthesized with a single reaction 
type in one step. Meanwhile, to maintain a stable internal cavity struc-
ture, a highly rigid polymer network must be constructed to prevent the 
polymer chains from collapsing into a non-porous dense state (Lee et al., 
2020), the key approach is using rigid organic blocks fixed by strong 
covalent bonds. However, it is difficult to synthesize POPs with 
ultra-high specific surface area and large nano pore size under the 
common methods, even including that with adjusting the size of organic 
building block units (Yan et al., 2013, 2015; Yuan et al., 2014; Zhang 
et al., 2019b). Recently, Liu et al. cleverly developed a facile molecular 
expansion strategy to synthesize high-surface-area POPs by a stepwise 
combination of Suzuki-Miyaura coupling and Friedel-Crafts reactions 
(Liu et al., 2020), the cross-linker molecules as swelling materials were 
woven between the layers of the CMPs by Friedel-Crafts reactions, which 
could enlarge the nanometer-sized space of the CMPs. Furthermore, 
heteroatom doping has been used to increase the adsorption sites. Ni-
trogen doping technology has been widely used in the preparation of gas 
adsorption materials (Chen et al., 2014, 2012; Li et al., 2020). Chen et al. 
synthesized a series of nitrogen-rich microporous conjugated poly-
carbazoles with permanent porosity using versatile carbazolyl-bearing 
2D and 3D conjugated core structures with non-planar rigid conforma-
tion as building units, and showed excellent adsorption performance for 
CO2 (Li et al., 2020). The nitrogen doping can change the electronic 
band structure of the polymer, and the high charge density at the ni-
trogen atom of the POPs and the electric-rich conjugated framework 
enhance the interaction between the gas molecules and the adsorbents 
(Chen et al., 2014, 2012). 

Inspired by this, we developed a simple molecular expansion tech-
nology to synthesize a series of nitrogen-rich POPs (Hyper-cross-linked 
conjugated polymers, HCCPs) with high surface area and large nanopore 
by a stepwise combination of polycondensation approach and Friedel- 
Crafts reactions. Notably, the original 2D material (CTF-HUST) is 
transformed into a more fluffier 3D material (HCCPs) through this 
method, and the SBET and pore size of HCCPs could be adjusted flexibly 
by controlling the dosage of expanded molecules and molecular size. 
Meanwhile, the enhancement of the positive and negative charge dis-
tribution on the surface of the synthesized HCCPs due to the presence of 
N atoms (Wen et al., 2020), which may result in the enhancement of 
interaction between organic molecules and HCCPs, providing a lots of 
adsorption sites for the organic molecules. Therefore, ethanol, ethyl 
acetate, 1,2-Dichloroethane, benzene and toluene were selected from 
alcohols, lipids, haloalkanes and aromatic hydrocarbons as adsorption 

objects to investigate the adsorption performance of HCCPs on different 
types of VOCs. In addition, H2 and CO2 storage performances of HCCPs 
were also investigated. 

2. Experimental section 

2.1. Materials 

Terephthalamidine dihydrochloride (99%) was obtained from 
Extension of China. 1,4-Phthalaldehyde, 1,4-Bis(chloromethyl)benzene, 
4,4-Bis(chloromethyl)biphenyl and cesium carbonate (Cs2CO3) were 
purchased from Shanghai Aladdin Chemistry Co. Ethanol (EtOH), 
dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), 1,2-Dichloroethane 
(DCE) and Iron trichloride (FeCl3) were purchased from Sinopharm 
Chemical Reagent Co., Ltd. 

2.2. Synthesis of CTF-HUST 

The preparation of CTF-HUST was according to the previous study 
(Liu et al., 2019). Terephthalamidine dihydrochloride (470.0 mg, 2.0 
mmol) and cesium carbonate (980.0 mg, 3.0 mmol) were added to 20.0 
mL DMSO in 100 mL round-bottom flask and stirred at 100 ◦C for 0.5 h, 
marked as Solution A. 

1,4-Phthalaldehyde (134.0 mg, 1.0 mmol) was added to 40.0 mL 
DMSO in 50 mL round-bottomed. The mixture was stirred by mechanical 
agitation at 50 ◦C for 0.5 h, marked as Solution B. Then, the peristaltic 
pump was used to add Solution B to Solution A at 30 μL/min. After 
dripping, keep at 100 ℃ for 48 h. And the temperature was risen to 
170 ◦C and kept for 48 h. The brown product was obtained by centri-
fugation (8000 r/min, 10 min), washed with HCl (1 M, 3 × 30 mL) to 
remove residual Cs2CO3. And the product further washed with H2O (3 ×
30 mL), EtOH (3 × 30 mL), THF (3 × 30 mL) and MeOH (3 × 30 mL), 
dried under vacuum at 80 ℃ for 12 h. 

2.3. Synthesis of HCCP1-X 

First, CIF-HUST (120.0 mg), 1,4-Bis(chloromethyl)benzene (88.0 
mg, 0.5 mmol) and FeCl3 (162.0 mg, 1.0 mmol) were added to DCE (30 
mL) and ultrasound for 1 h. Then, the mixture was stirred at 85 ◦C under 
continuous nitrogen for 24 h. The brown precipitates were washed with 
EtOH, H2O, DMF, THF and MeOH, respectively. The as-prepared sample 
was denoted as HCCP1-X, X is 0.50, 0.75, 1.00 and 1.25 mmol of the 
molar amount of 1,4-Bis(chloromethyl)benzene was added, and FeCl3 
was added 1.0, 1.5, 2.0 and 2.5 mmol, respectively. 

2.4. Synthesis of HCCP2-X 

A mixture containing CTF-HUST (120.0 mg), 4,4-Bis(chloromethyl) 
biphenyl (125.5 mg, 0.5 mmol) and FeCl3 (162.0 mg, 1.0 mmol), were 
added in 30 mL of DCE and ultrasound for 1 h. The ultrasound could 
have a stripping effect on CTF-HUST and increase the layer spacing, 
which was beneficial for the cross-linker molecules (1,4-Bis(chlor-
omethyl)benzene (7.7 ×4.1 ×1.7 Å) and 4,4-Bis(chloromethyl)biphenyl 
(11.6 ×4.3 ×2.2 Å)) to enter the interlayer quickly. The mixture was 
further stirred at 85 ◦C under continuous nitrogen for 24 h. The product 
was collected by centrifugation and washed with EtOH, H2O, DMF, THF 
and MeOH, respectively. The as-prepared sample was named as HCCP2- 
X, X is, the molar amount of 1,4-Bis(chloromethyl)benzene was added, 
0.50, 0.75, 1.00 and 1.25 mmol. The FeCl3 was added 1.0, 1.5, 2.0 and 
2.5 mmol, respectively. The synthesis routes of the CTF-HUST, HCCP1-X 
and HCCP2-X were shown in Scheme 1. 

2.5. Characterization and measurement 

The chemical structures of the HCCPs were characterized by Nicolet 
iS10 FT-IR spectrometer in ranged of 4000–400 cm− 1, and the solid state 
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13C cross-polarization magic angle spinning (CP/MAS) NMR spectra 
were taken in a Bruker 300 MHz NMR spectrometer. Powder X-ray 
diffraction (XRD) was performed on a Bruker D8 Advance X-ray 
diffractometer with Ni-filtered Cu Kα radiation (λ = 0.154178 nm) at 
40 kV ranging from 5̊ to 90̊. The morphologies of the samples were 
investigated by field emission scanning electron microscopy (SEM, SU- 
70, Hitachi). The high-resolution transmission electron microscopy 
(HRTEM) images were performed on JEM 2100 electron microscope 
(JEOL, Japan). The Brunauer-Emmett-Teller (BET) surface areas and 
nitrogen adsorption/desorption isotherms were measured at 77 K using 
Micromeritics ASAP2460 equipment. The pore size distribution was 
derived from the adsorption branch of N2 isotherms using the nonlocal 
density functional theory (NLDFT) method, and the total pore volume 
was evaluated through nitrogen uptake at P/P0 of 0.99. The H2 and CO2 
adsorption isotherms were measured at 77 K and 298 K up to 1.0 bar, 
respectively, suing Micromeritics ASAP2460 equipment. To further 
investigate the most preferential interaction sites between VOCs (ethyl 
acetate, ethanol, 1,2-Dichloroethane, benzene and toluene) with CTF- 
HUST, the adsorption simulations were established and optimized 
with the Dmol3 modules in the materials studio (Delley, 2000), and the 
electronic structure were calculated by DFT with the 
exchange-correlation functional (Perdew and Wang, 1992). The core 
electrons of atoms were described by the projector augmented wave 
(PAW) technology. A self-consistent-field (SCF) was used to calculate the 
electronic energies with a tolerance of 10− 4 eV. 

2.6. VOCs adsorption 

The adsorption capacity of the prepared materials on VOCs was 
measured with a self-made adsorption device, the schematic illustration 
of the device for VOCs adsorption was shown in Fig. S2. Frist, about 
50 mg sample was loaded into a 12 mL weighing bottles, which have 
been weighed (m1), and the sample was degassed under vacuum at 60 ℃ 
for 24 h. The weighing bottles were taken out and weighted (m2), and 
put into 500 mL jars immediately. At the same time, the beakers 

containing 5 mL of benzene were also put into the jars, then the jars 
would be sealed quickly, and finally placed in an oven at 30 ◦C for 24 h, 
taken out and weighted (m3). The adsorption capacity of the materials 
was calculated according to Eq. 1. The sample was degassed under 
vacuum at 60 ℃ for 12 h to remove the adsorbate and proceed to 
another cycle, weighing bottles also should be weighed (m4) to calculate 
the desorption rate of the materials according to the Eq. 2. The 
adsorption experiments of other VOCs (1,2-Dichloroethane, toluene, 
ethyl acetate and ethanol) were completed following the same way. 

VOCs adsorption capacity(mg
/

g) =
m3− m2

m2 − m1
× 1000 (1)  

VOCs desorption rate(%) =
m4− m3

m3 − m2
× 100 (2)  

3. Results and discussion 

3.1. Characterization of CTF-HUST and HCCPs 

As illustrated in Scheme 1, the porous networks were constructed 
with two steps. First highly crystalline covalent triazine framework 
(CTF-HUST) has been synthesized, and then the CTF-HUST and the 
cross-linking agents were connected by a FeCl3-catalyzed Friedel-Crafts 
reaction to produce a series of new POPs with high SBET in Step 2. The 
cross-linking agents can not only link the layers of the CTF-HUST 
together, but also increase the distance between the original porous 
layers to expand the internal space. Herein, the pore volume and specific 
surface area of HCCPs could be adjusted by controlling the size and 
dosage of the cross-linking agents. 

To better investigate the structure characteristics of HCCPs, the 
scanning electron microscopy (SEM) and HR-TEM were tested to 
determine the crystallinity of CTF-HUST, shown in Fig. 1. Fig. 1a ex-
hibits the blocky structure of CTF-HUST clearly. Fig. 1b and c, the HR- 
TEM images of CTF-HUST, show the high crystallinity and clear lattice 
fringes with an interplanar lattice spacing of 0.2465 nm corresponded to 

Scheme 1. Schematic illustration of the synthesis of CTF-HUST, HCCP1 and HCCP2.  
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the (210) atomic plane. The Fig. S1 exhibits the SEM images of 
HCCP1–1.25 and HCCP2–1.25, which have obvious lamellar and fluffier 
structure compared with CTF-HUST. It also demonstrates that the 2-D 
CTF-HUST has been successfully propped with cross-linking molecular 
pillars into the fluffier 3-D HCCPs, and the effect is very significant. 

The chemical structures of the components were investigated by FT- 
IR and solid state 13C CP-MAS NMR measurements. The FT-IR spectra of 
the materials were shown in Fig. 2a and b, the characteristic vibrations 
at 1521 cm− 1 and 1353 cm− 1 were attributed to the -C-N = and -C––N- 
stretching, respectively, which further demonstrated the formation of 
CTF-HUST (Liu et al., 2019). In addition, the CTF-HUST, as the pre-
cursor, reacted with 1,4-Bis(chloromethyl)benzene and 4,4-Bis(chloro-
methyl)-biphenyl by Friedel-Crafts reaction to produce HCCP1-X and 
HCCP2-X, respectively. Vibration bands observed at 2922 cm− 1 and 
2856 cm− 1 corresponded to the -CH- stretching vibrations only 
appeared in the spectra of HCCP1-X and HCCP2-X, confirmed the 

hyper-crosslinked conjugated polymers were synthesized successfully. 
Meanwhile, the solid-state 13C NMR spectra of CTF-HUST, HCCP1–1.25 
and HCCP2–1.25 were investigated to confirm the carbon skeleton 
shown in Fig. 2c. There were obvious the chemical shift at 166.3 ppm is 
corresponded to the carbon signal from triazine rings and the chemical 
shifts at 135.6 ppm and 125.6 ppm can be corresponded to aromatic 
carbons, clearly proved that the triazine structures were formed in 
CTF-HUST. Significantly, the chemical shift at 35.3 ppm, only appeared 
in HCCP1–1.25 and HCCP2–1.25, can be the formation of methylene, 
which confirmed the HCCPs have been synthesized successfully. 

Power X-ray diffraction (PXRD) was used to characterize the CTF- 
HUST, HCCP1-X and HCCP2-X, shown in Fig. 3. CTF-HUST exhibited 
long-range crystalline order according to the PXRD data, shown four 
diffraction peaks at 7.4̊, 14.2̊, 18.2̊ and 26.1̊, corresponded to the (100), 
(200), (210) and (001) planes, respectively. It can be clearly observed 
from the figure that the resulting HCCP1 and HCCP2 diffraction peaks 

Fig. 1. SEM image (a) and HR-TEM images (b) and (c) of CTF-HUST.  

Fig. 2. (a) and (b) FT-IR spectra of the resulting polymers. (c) Solid-state 13C CP-MAS NMR spectra of CTF-HUST, HCCP1–1.25 and HCCP2–1.25.  
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were reduced or even disappear with the increase of the amount of the 
cross-linking agent, which illustrated that the crystallinity of CTF-HUST 
was destroyed presumably due to the fact that lots of cross-linking 
molecules were entered the interlayer. 

The surface areas and porosity of the CTF-HUST, HCCP1 and HCCP2 
were estimated by N2 adsorption/desorption isotherms at 77 K. As 
shown in Fig. 4, the isotherms of CTF-HUST, HCCP1 and HCCP2 all 
exhibited the steep rise of N2 adsorption at a relatively low pressure (P/ 

P0 <0.01), which demonstrated that all the prepared materials have 
micropores. Meanwhile, the hysteresis observed at a relatively high 
pressure is attributed to the presence of mesopores (Zhu et al., 2018). In 
addition, HCCP1 and HCCP2 showed type Ⅳ isotherms with N2 
adsorption/desorption hysteresis loop (Fig. 4a and c), according to the 
classification of the International Union of Pure and Applied Chemistry 
(IUPAC) (Wang et al., 2014). However, the CTF-HUST exhibited the 
type-I shape curves which confirms the CTF-HUST attribute to typical 
microporous materials. Notably, the N2 adsorption isotherms were 
depended not only on the amount but also on size of the cross-linking 
agent molecules. The detailed dates of surface areas, average pore 
width and pore volumes are listed in Table 1. The surface areas of the 
materials increased with the increasing of the amount of cross-linking 
agent molecule except HCCP1–0.75, might be the CTF-HUST reacted 
with 0.75 mmol 1,4-Bis(chloromethyl)benzene was incomplete. 
Evidently, the size of the cross-linking agent was beneficial to the in-
crease of SBET of HCCPs. For the same amount of expansion molecules, 
the surface areas of HCCPs increased with the increasing of the size of 
expansion molecule. All the SBET of HCCP2 are higher than HCCP1. The 
SBET of HCCPs do increase many times than that of CTF-HUST before 
pillaring with expansion molecules. Such as, HCCP1–1.25 and 
HCCP2–1.25 with different cross-linking agent exhibited the highest 
SBET with the values of 832.76 and 1349.29 m2g− 1, and their SBET are 
1.58 and 2.56 times higher than CTF-HUST (526.88 m2g− 1), respec-
tively. Meanwhile, the resulting HCCPs exhibited adjustable micropore 
ratio, ranging from 6.10% to 33.49%. The Vtotal of HCCPs increased with 
the increase of amount and size of the expansion molecules, and the 
HCCP2–1.00 had the highest Vtotal (1.94 cm3g− 1) and largest nanopore 
(5.77 nm), which were 4.68 and 1.84 times larger than CTF-HUST, 
respectively. The pore size distributions of HCCPs were calculated 
using nonlocal density functional theory (NLDFT), shown in Fig. 4b and 
d, which confirmed the existence of both micropores and mesopores. All 

Fig. 3. The observed PXRD pattern of CTF-HUST, HCCP1-X and HCCP2-X.  

Fig. 4. (a) and (c) N2 adsorption/desorption isotherms of HCCPs at 77 K. (b) and (d) Pore size distributions of HCCPs calculated using nonlocal density functional 
theory (NLDFT). 
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the HCCPs exhibited the bigger Davera (3.68 ~ 5.77 nm) compared with 
the Davera of CTF-HUST (3.15 nm) due to the action of expansion mol-
ecules. It follows that the SBET, pore volume and size of the POPs could 
be adjusted by controlling the amount and size of expansion molecules. 
The fluffy structure and high surface area of HCCPs not only favors the 
exposure of abundant adsorption sites but also facilitates the various gas 
molecules transportation. 

3.2. VOCs adsorption properties and mechanism of the HCCPs 

One of the most significent applications of the porous materials is gas 
adsorption. The adsorption of VOCs, inclouding ethyl acetate, ethanol, 
1,2-Dichloroethane, benzene and toluene, by HCCPs was investigated at 
303 K and relative saturation pressure. As shown in Fig. 5a-e, the 
adsorption capacity of CTF-HUST to ethyl acetate, ethanol, 1,2-Dichlo-
roethane, benzene and toluene was 504.56, 429.10, 610.82, 369.16 
and 340.87 mgg− 1, respectively. It is worth noting that the adsorption 
performance of the product HCCPs has been greatly enhanced when the 
cross-linking agents were pillared between the interlayer of CTF-HUST. 
The adsorption capacity of HCCP1–1.25 to ethyl acetate (667.61 
mgg− 1), ethanol (736.16 mgg− 1), 1,2-Dichloroethane (926.42 mgg− 1), 
benzene (575.56 mgg− 1) and toluene (496.33 mgg− 1) was 1.32, 1.72, 
1.52, 1.56 and 1.46 times higher than CTF-HUST, respectivly. In addi-
tion to amount of cross-linking agent, the adsorption property is also 
related to the molecular size. The uptake capacity of HCCP2–1.25 to the 
five aforementioned VOCs was 1605.14, 1371.49, 1971.68, 1151.78 and 
1024.28 mgg− 1, which was 2.40, 1.86, 2.13, 2.00 and 2.06 times higher 
than HCCP1–1.25, respectively. It can be seen that the size and amount 
of the expansion molecules have a significant effect on the gas adsorp-
tion performance of HCCPs. Meanwhile, The other HCCPs also shown 
excellent adsorption performance for the VOCs, much higher than some 
reported organic porous material (the adsorption capacity of pitch-based 
HCPs to ethyl acetate, methanol and benzene is 685 mgg− 1, 1198 mgg− 1 

and 890 mgg− 1, respectively) and commercial activated carbon (the 
adsorption amounts for ethyl acetate, methanol and benzene were 410 
mgg− 1, 418 mgg− 1 and 370 mgg− 1, respectively) (Gao et al., 2016). 
Moreover, reusability is a significant factor for the adsorbents, the 
HCCPs still exhibited a high adsorption capacity of VOCs after five cy-
cles. Fig. 5f demonstrates the excellent desorption rate of the HCCPs 
after the first adsorption of VOCs. The detailed adsorption capacities of 
different VOCs by HCCPs were listed in Table S1. 

The excellent adsorption performances of HCCPs on VOCs may be 
attributed to the high SBET, as well as the chemical state of CTFs. To 
investigate the interaction mechanism between organic gas molecules 
and the skeleton of CTF-HUST, the deformation charge density of CTF- 
HUST, ethyl acetate, ethanol, 1,2-Dichloroethane, benzene and 
toluene were calculated by density functional theory (DFT), shown in  
Fig. 6. In addition, the eclipsed stacking model of the CTF-HUST were 
constructed according to their XRD, which was exhibited in Fig. 6. It can 
be clearly found that the highest positive charge of CTF-HUST skeleton is 

mainly distributed on the skeleton plane and the inner surface of the 
pore channel, while the minimum position is located on the triazine ring. 
This is due to the high electronegativity of the nitrogen atom of the 
triazine ring, which shifts the electrons on the CTF-HUST backbone to-
ward the N atom and thus leads to an enhanced negative charge dis-
tribution on the backbone surface (Fig. 6a) (Wen et al., 2020). 
Meanwhile, these organic molecules clearly show the distribution of 
charges. As for ethyl acetate, we could find that the maximum position is 
around the C-H and oxygen atoms, but it is worth noting that the lower 
potential also appeared near the oxygen atoms, which may cause the 
ethyl acetate molecule to generate electrostatic attraction with the 
CTF-HUST framework. According to the result of ethanol deformation 
charge density, its maximum position is located upper the -H of the -OH, 
due to the electrons on -H are shifted towards O atom. For 1,2-Dichloro-
ethane, owing to the high electronegativity of -Cl causes electrons to be 
shifted toward the -Cl atom, so the minimum position is located upper 
the -Cl. Therefore, the -OH of ethanol and -Cl of 1,2-Dichloroethane 
could form hydrogen bonds with the CTF-HUST framework. However, 
unlike ethyl acetate, ethanol and 1,2-Dichloroethane, the maximum 
position of benzene and toluene is around the C-H, whereas the mini-
mum position is located on the skeleton of the benzene ring and inside 
the ring. 

To further investigate the organic molecules adsorption position and 
weak interactions in the pore of CTF-HUST, the structural models of 
CTF-HUST after adsorption of VOCs molecules are established and 
optimized, shown in Fig. 7. All the VOCs molecules were adsorbed in the 
inner surface of the pore of the CTF-HUST. As exhibited in Fig. 7a and c, 
the two oxygen atoms of ethyl acetate and the two chlorine atoms in 1,2- 
Dichloroethane respectively formed C-H…O and C-H…Cl (Hydrogen 
Bond) with the C-H in the two adjacent layers of CTF-HUST. And for 
ethanol, the -OH formed O-H…N (Hydrogen Bond) with the nitrogen 
atom on the triazine ring (Fig. 7b). However, the π bonds of the benzene 
and toluene respectively formed multiple C-H…π (π-π stacking interac-
tion) with the H atoms of the CTF-HUST framework (Fig. 7d and e), 
rather than hydrogen bonding. It is well known that the hydrogen 
bonding force is greater than the π-π stacking interaction, so the 
adsorption capacity of CTF-HUST on ethyl acetate, 1,2-Dichloroethane 
and ethanol is higher than that of benzene and toluene, which is 
consistent with the experimental results. And the pore size and specific 
surface area of the adsorbent are also important factors affecting the 
adsorption of VOCs besides the different intermolecular interactions. As 
shown in Fig. 7, ethyl acetate, 1,2-Dichloroethane and ethanol could not 
enter the pore directly through the interlayer of CTF-HUST, but only 
through the pore, due to its molecular sizes are larger than the layer 
spacing of CTF-HUST. As for benzene and toluene, the maximum posi-
tion is around the C-H, and the maximum position is located around the 
inner surface of the channel of the CTF-HUST, so the benzene and 
toluene cannot cross the skeletal layer of CTF-HUST in parallel to reach 
the adsorption site, but can only enter the pore cavity through the 
channel, due to the electrostatic repulsion. The utilization of adsorption 

Table 1 
BET surface areas and pore properties of HCCPs.  

Samples SBET
a (m2g− 1) SLangmuir

b (m2g− 1) Sexter
c (m2g− 1) Davera

d (nm) Vmicro
e (cm3g− 1) Vtotal

f (cm3g− 1) Vmicro /Vtotal (%) 

CTF-HUST  526.88  909.41  181.99  3.14  0.18  0.41  44.09 
HCCP1–0.50  563.05  1014.96  236.10  3.68  0.17  0.52  33.49 
HCCP1–0.75  542.86  993.45  235.04  3.84  0.16  0.52  31.29 
HCCP1–1.00  646.36  1274.72  316.93  4.80  0.17  0.78  22.51 
HCCP1–1.25  832.76  1670.87  414.80  4.27  0.22  0.89  24.93 
HCCP2–0.50  920.22  2000.80  566.08  4.17  0.19  0.96  19.52 
HCCP2–0.75  1267.60  3236.23  993.25  5.40  0.14  1.71  8.32 
HCCP2–1.00  1341.51  3519.97  1110.66  5.77  0.12  1.94  6.10 
HCCP2–1.25  1349.29  3379.84  1044.97  5.23  0.16  1.76  8.97 

[a] Surface area calculated from the nitrogen adsorption isotherms at 77 K using the BET equation. 
[b] Surface area calculated using the Langmuir equation.[c] External surface area calculated using t-plot.[d] Adsorption average pore width (4 V/A by BET).[e] 
Micropore volume calculated by t-plot.[f] Total pore volume calculated from the nitrogen isotherm at P/P0 = 0.99, 77 K. 
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sites is an important factor influencing the adsorption performance. It 
can be clearly seen from the Fig. 7 that the adsorption sites on the two 
adjacent skeletal layers of CTF-HUST are occupied by ethyl acetate, 1,2- 
Dichloroethane and toluene molecules. Although ethanol and benzene 
molecules interact with only one adsorption site of CTF-HUST, its 
adsorption sites in the adjacent layers cannot be utilized due to the 
spatial position of these two molecules. One molecule consumes two 
adsorption sites, making the effective utilization rate of the adsorption 

sites of the CTF-HUST framework only 50%. Therefore, to increase 
distance between the pristine porous layers to enhance the utilization 
rate of the adsorption sites, the expansion molecules were introduced 
into the layers by Friedel-Crafts reaction. 

The interlayer spacing of HCCPs increases as the size of the expanded 
molecule increases. The wide layer spacing not only provides a favorable 
channel for VOCs molecules to enter the pores of the HCCPs but also 
increases more effective adsorption sites, shown in Fig. 8. The VOCs 

Fig. 5. Organic vapor adsorption at room temperature for CTF-HUST and HCCPs.  
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molecules only have interaction forces with adsorption sites on one layer 
of HCCPs without affecting adsorption sites on adjacent layers when the 
interlayer of HCCPs is wide enough, then each adsorption site on the 
skeleton of HCCPs could adsorb one organic gas molecule. In addition, 
the expansion molecules are also provided adsorption sites for VOCs. 
The adsorption capacities of the HCCPs were shown in Table S1. It may 
be that the size of 1,4-Bis(chloromethyl)benzene is not large enough, 
and the interlayer spacing of CTF-HUST was not increased much, mak-
ing the adsorption of ethyl acetate, ethanol, 1,2-Dichloroethane, ben-
zene and toluene by HCCP1 only 1.32, 1.72, 1.52, 1.56 times higher than 
that of CTF-HUST, respectively. When large-size 4,4-Bis(chloromethyl) 
biphenyl was pillared between the layers of CTF-HUST, the adsorption 
capacities of ethyl acetate, ethanol, 1,2-Dichloroethane, benzene and 
toluene by HCCP2–1.25 were significantly increased, which was 3.18, 
3.20, 3.23, 3.12 and 3.00 times higher than CTF-HUST, respectively. The 
calculated adsorption energies for 1,2-Dichloroethane, ethyl acetate, 
ethanol, benzene and toluene are estimated to be 4.47, 4.50, 4.51, 4.52 
and 4.61 eV (Table S2), respectively, and the order of the magnitude of 

the adsorption energy is consistent with the amount of VOCs adsorbed in 
the experimental results. Under the same conditions, the higher the 
adsorption energy, the more energy is required for the adsorption pro-
cess and resulting in lower adsorption capacity. And for that, the 
effective utilization rate of the adsorption sites of the HCCPs is vitally 
important. The HCCP2 have potential applications in the removal of 
hazardous VOCs from the environment due to their excellent adsorption 
properties. 

3.3. H2 and CO2 adsorption performance of CTF-HUST, HCCP1-1.25 
and HCCP2-1.25 

We further investigated the hydrogen and carbon dioxide uptake 
properties of these HCCPs. H2 (a) and CO2 (b) adsorption isotherms for 
CTF-HUST, HCCP1–1.25 and HCCP2–1.25 at 77 K and 298 K under at-
mospheric pressure, respectively, exhibited in Fig. 9. The HCCP2–1.25 
exhibited enhanced H2 uptake capacity with values of 1.54 wt%, which 
was 1.67 and 1.05 times higher than the CTF-HUST (0.92 wt%) and 

Fig. 6. Deformation charge density of CTF-HUST (a), ethyl acetate (b), ethanol (c), 1,2-dichloroethane (c), benzene (d) and toluene (e). The blue color represents the 
charge loss, and the red color stands for the charge gain, the numbers indicate the number of electrons gained and lost. 

Fig. 7. The optimized ethyl acetate (a), 1,2-Dichloroethane (b), ethanol (c), benzene (d) and toluene (e) adsorption sites in the inner channel of CTF-HUST. The red 
and green dashed lines indicate the hydrogen bonding and C-H…π, respectively. 
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HCCP1–1.25 (1.47 wt%), respectively. The hydrogen storage capacity of 
HCCP2–1.25 is higher than those for microporous polyimides-A-30 
(MPI-A-30) (1.00 wt%, 77 K, SBET= 1825 m2g− 1) (Zhu et al., 2020b) 
and hyper cross-linked-Ben (HCP-Ben) (1.10 wt%, 77.3 K at 1 bar, 
SBET=1382 m2g− 1) (Lee et al., 2016). In addition, the CO2 adsorption 
capacities of the CTF-HUST, HCCP1–1.25 and HCCP2–1.25 reach up to 
5.86 wt%, 7.10% and 8.02 wt%, respectively. And the CO2 uptake ca-
pacity of HCCP2–1.25 is higher than porous aromatic framework 
(PAF-1) with ultrahigh SBET (9.1 wt%, 273 K, 5640 m2g− 1) (Ben et al., 

2012) and HCP2 (7.4 wt%, 273 K, 1684 m2g− 1) (Martín et al., 2011). 
CO2 and H2 uptake are sensitive to the specific surface area and 
micropore of POPs (Liu et al., 2019; Trickett et al., 2017). The amount of 
micropores around 1.3 nm for HCCP2–1.25 is higher than that of 
HCCP1–1.25 and CTF-HUST (Fig. 4(a) and (b)), and the narrow pore 
channel is favorable for the interaction between CO2 and H2 molecules 
and pore wall (Wang et al., 2017). The specific surface area of 
HCCP2–1.25 is 1.6 and 2.6 times higher than that of HCCP1–1.25 and 
CTF-HUST, respectively (Table 1). The high specific surface area could 

Fig. 8. Possible capture mechanism of the HCCPs for VOCs.  

Fig. 9. H2 (a) and CO2 (b) adsorption isotherms for CTF-HUST, HCCP1–1.25 and HCCP2–1.25 at 77 K and 298 K, respectively.  
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provide more adsorption sites for CO2 and H2. Therefore, the adsorption 
capacity of HCCP2–1.25 for CO2 and H2 is higher than HCCP1–1.25， 
CTF-HUST and many other POPs. These results indicate that the HCCPs 
have potential applications in greenhouse and energy gases capture and 
storage. 

4. Conclusions 

In this study, we employed nitrogen-rich CTF-HUST as precursor to 
prepare a series of HCCPs with high surface by Friedel-Crafts reaction 
via molecular expansion strategy. That the expansion molecules were 
pillared between the layers of CTF-HUST produced three major benefi-
cial effects: (a) The original 2D material (CTF-HUST) was transformed 
into a more fluffier 3D material; (b) The SBET, pore volume and the 
effective utilization rate of the adsorption sites of HCCPs did increase 
significantly and could be adjusted by size and amounts of expansion 
molecules. The HCCP2–1.25 with the highest surface area 
(1349.29 m2g− 1) and large pore volume (1.76 cm3g− 1) exhibited 
excellent VOCs capture capacities and CO2 and H2 storage properties; (c) 
the density functional theory (DFT) demonstrated that the nitrogen 
atoms enhanced the positive charge distribution on the skeleton surface, 
and multiple hydrogen bonds and π-π stacking interactions were formed 
between HCCPs frameworks and the VOCs. Consequently, the molecular 
expansion technique provides a novel idea and method to construct 
nitrogen-rich POPs with adjustable high SBET and pore volume, which 
exhibited a promising prospect in the application for various VOCs 
adsorption, as well as greenhouse and energy gases storage. 
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iron oxides on the carbons surface vs the specific surface for VOC’s adsorption 
(https://doi.org/). Ecol. Eng. 106, 400–408. https://doi.org/10.1016/j. 
ecoleng.2017.05.043. 

Anfruns, A., Martin, M.J., Montes-Morán, M.A., 2011. Removal of odourous VOCs using 
sludge-based adsorbents (https://doi.org/). Chem. Eng. J. 166 (3), 1022–1031. 
https://doi.org/10.1016/j.cej.2010.11.095. 

Baldwin, L.A., Crowe, J.W., Pyles, D.A., McGrier, P.L., 2016. Metalation of a mesoporous 
three-dimensional covalent organic framework. J. Am. Chem. Soc. 138 (46), 
15134–15137. https://doi.org/10.1021/jacs.6b10316. 

Ben, T., Li, Y., Zhu, L., Zhang, D., Cao, D., Xiang, Z., Yao, X., Qiu, S., 2012. Selective 
adsorption of carbon dioxide by carbonized porous aromatic framework (PAF). 
Energy Environ. Sci. 5 (8), 8370–8376. https://doi.org/10.1039/C2EE21935B. 

Ben, T., Ren, H., Ma, S., Cao, D., Lan, J., Jing, X., Wang, W., Xu, J., Deng, F., Simmons, J. 
M., Qiu, S., Zhu, G., 2009. Targeted synthesis of a porous aromatic framework with 
high stability and exceptionally high surface area. Angew. Chem. Int Ed. Engl. 48 
(50), 9457–9460. https://doi.org/10.1002/anie.200904637. 

Bin, D.-S., Chi, Z.-X., Li, Y., Zhang, K., Yang, X., Sun, Y.-G., Piao, J.-Y., Cao, A.-M., 
Wan, L.-J., 2017. Controlling the compositional chemistry in single nanoparticles for 
functional hollow carbon nanospheres. J. Am. Chem. Soc. 139 (38), 13492–13498. 
https://doi.org/10.1021/jacs.7b07027. 

Chen, J., Yan, W., Townsend, E.J., Feng, J., Pan, L., DelAngelHernandez, V., Faul, C.F.J., 
2019. Tunable surface area, porosity, and function in conjugated microporous 
polymers (https://doi.org/). Angew. Chem. Int. Ed. 58 (34), 11715–11719. https:// 
doi.org/10.1002/anie.201905488. 

Chen, P., Cui, W., Wang, H., Dong, Xa, Li, J., Sun, Y., Zhou, Y., Zhang, Y., Dong, F., 2020. 
The importance of intermediates ring-opening in preventing photocatalyst 
deactivation during toluene decomposition (https://doi.org/). Appl. Catal. B: 
Environ. 272, 118977. https://doi.org/10.1016/j.apcatb.2020.118977. 

Chen, Q., Liu, D.-P., Luo, M., Feng, L.-J., Zhao, Y.-C., Han, B.-H., 2014. Nitrogen- 
containing microporous conjugated polymers via carbazole-based oxidative coupling 
polymerization: preparation, porosity, and gas uptake (https://doi.org/). Small 10 
(2), 308–315. https://doi.org/10.1002/smll.201301618. 

Chen, Q., Luo, M., Hammershøj, P., Zhou, D., Han, Y., Laursen, B.W., Yan, C.-G., Han, B.- 
H., 2012. Microporous polycarbazole with high specific surface area for gas storage 
and separation. J. Am. Chem. Soc. 134 (14), 6084–6087. https://doi.org/10.1021/ 
ja300438w. 

Cheng, Y., He, H., Yang, C., Yan, Z., Zeng, G., Qian, H., 2016a. Effects of anionic 
surfactant on n-hexane removal in biofilters (https://doi.org/). Chemosphere 150, 
248–253. https://doi.org/10.1016/j.chemosphere.2016.02.027. 

Cheng, Y., He, H., Yang, C., Zeng, G., Li, X., Chen, H., Yu, G., 2016b. Challenges and 
solutions for biofiltration of hydrophobic volatile organic compounds (https://doi. 
org/). Biotechnol. Adv. 34 (6), 1091–1102. https://doi.org/10.1016/j. 
biotechadv.2016.06.007. 
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