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Carbon Dioxide Conversion Upgraded by Host-Guest 

Cooperation between Nitrogen-rich Covalent Organic Framework 

and Imidazolium-based Ionic Polymer 

Hong Zhong,[a,b] Jinwei Gao,[b] Rongjian Sa,*[a] Shuailong Yang[b] Zhicheng Wu[b] and Ruihu Wang*[b] 

 

Abstract: The chemical conversion of CO2 into value-added 

chemicals is one promising approach for CO2 utilization. It is crucial 

to explore highly efficient catalysts containing task-specific 

components for CO2 fixation. Here, we reported a host-guest 

catalytic system by integrating nitrogen-rich covalent organic 

framework (TT-COF) and imidazolium-based ionic polymer (ImIP), 

which serve as hydrogen bonding donor and nucleophilic agent, 

respectively, for cooperatively facilitating the activation of the 

epoxides and subsequent CO2 cycloaddition. The catalytic activity of 

the host-guest system is remarkably superior to those of ImIP, TT-

COF and their physical mixture. Furthermore, selective adsorption 

for CO2 over N2 renders this catalytic system to be effective for the 

cycloaddition reaction of the simulated flue gas. The protocols for the 

unification of two catalytically active components provide new 

opportunities for the development of composite systems in multiple 

applications. 

Introduction 

Carbon dioxide (CO2) is major product in the combustion of 
fossil fuels, the excessive emission into the atmosphere is 
regarded as primary causes for global warming and climate 
change.[1] The capture and chemical conversion of CO2 into 
value-added chemicals has captured considerable interests 
because CO2 is also a cheap, nontoxic, renewable and readily 
available carbon source.[2] Among a variety of available catalytic 
methodologies for chemical fixation of CO2, the cycloaddition of 
CO2 with the epoxides to form cyclic carbonates is one efficient, 
atom-economic and environment-benign process.[3] The ring 
opening of the epoxides is considered as the rate-determining 
step in the catalytic reaction, great efforts have been made to 
control the activation of the epoxides and subsequent CO2 
reaction with the opened ring.[4] In the context, metal-free 
heterogeneous catalysts containing hydrogen bonding donors 
(hydroxyl, amino and carboxyl et al.) and nucleophilic groups 

(halide anion et al.) are of utmost importance.[4b,5] They can work 
in a cooperative activation pathway for CO2 cycloaddition, but 
the limited porosities in most of heterogeneous systems are 
disfavorable for mass transfer and the accessibility of the active 
sites, which leads to relatively inferior activities.[6] It is desirable 
to develop new classes of porous catalysts containing dual 
components for the adsorption and activation of CO2 as well as 
subsequent cycloaddition reaction with the epoxides. 

Covalent organic frameworks (COFs) are the emerging 
crystalline porous materials consisting of organic building blocks 
connected through covalent bonds.[7] Modular synthetic strategy 
allows CO2-philic components and nitrogen-rich groups to be 
homogeneously embedded into the frameworks through judicial 
selection of versatile synthetic methods, which facilitates CO2 
adsorption and catalytic conversion.[8] A few COFs have been 
recently employed as metal-free catalysts for the cycloaddition 
of CO2 with the epoxides.

[9] It has been documented that the 
grafting of imidazolium-based ionic liquids onto pore wall of 
COFs remarkably improves catalytic efficiency in the absence of 
cocatalysts and additives,[10] but tedious synthetic procedures for 
either ionic liquids-functionalized building blocks or postsynthetic 
modification processes have been restricted their applications. 
As a promising alternative method, strong entrap ability of COFs 
can integrate ionic liquids or their polymers into COFs to form a 
library of heterogeneous composite materials, the cooperative 
interactions of dual components could improve catalytic activity 
of CO2 cycloaddition reaction.[11] However, metal-free 
heterogeneous catalysts based on the composites of COFs and 
ionic polymers have been not reported hitherto. 

As a proof-of-concept study, herein, we presented one host-
guest catalytic system by integrating nitrogen-rich COF with 
imidazolium-based ionic polymer (ImIP), these components 
show the morphology of nanosheets and nanowires, 
respectively, which are conductive to the availability of 
catalytically active sites. The resultant host-guest composite 
exhibits good CO2 sorption ability, high adsorption selectivity of 
CO2 over N2. The excellent catalytic activity and superior 
recyclability are achieved in the cycloaddition reaction of CO2 
with the epoxides. 

Results and Discussion 

The synthetic route of ImIP@TT-COF was shown in Figure 1. 
The aqueous solution of 1H-1,2,4-triazole-3,5-diamine (TDA) 
and 4-methylbenzenesulfonic acid was layered on the top of 
dichloromethane solution of 2,4,6-triformylphloroglucinol (TP), 
subsequent acid-catalyzed Schiff-based reaction at the interface 
of solution generated TT-COF. The ultrasonic treatment of as-
prepared TT-COF in DMF solution of 3-ethyl-1-vinyl-imidazolium 
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bromide, followed by free-radical polymerization in the presence 
of azobisisobutyronitrile (AIBN) gave rise to ImIP@TT-COF. 

 

Figure 1. Schematic illustration for the fabrication of ImIP@TT-COF. 

The compositions and structures of TT-COF and ImIP@TT-
COF were defined by Fourier-transform infrared (FTIR), solid-
state 13C NMR spectra and powder X-ray diffraction (PXRD). As 
shown in Figure 2a, the typical carbonyl peak of TP at 1647 cm-1 
disappears in the FTIR spectrum of TT-COF, while the C=C and 
C-N stretching peaks concomitantly occur at 1593 and 1261 cm-

1, respectively, revealing successful polymerization and the 
formation of the β-ketoenamine-linked framework structure.[12] 
Notably, the FTIR spectrum of ImIP@TT-COF is almost identical 
with that of TT-COF, indicative of structural preservation of TT-
COF after the incorporation of ImIP. In the solid-state 13C NMR 
spectra, both of them show characteristic signals of carbon 
atoms of C=O, C-N and β-ketoen C=C bonds (Figure 2b).[12a,13] 
The peaks of carbon atoms from ImIP are observed at 136, 122, 
45, 37, 31 and 14 ppm in ImIP@TT-COF, which validates the 
integration of ImIP with TT-COF. PXRD pattern shows the 
diffraction peaks of TT-COF are similar to the reported 
results,[13a,14] the introduction of ImIP has no obvious effects on 
the peak positions and intensity (Figure 2c). The elemental 
analysis of charge-balanced bromide reveals the content of 
imidazolium group in ImIP@TT-COF is 0.52 mmol g-1. 

 

Figure 2. (a) FTIR spectra for TT, TDA TT-COF and ImIP@TT-COF. (b) Solid-

state 
13
C NMR spectra of TT-COF and ImIP@TT-COF. (c) PXRD patterns of 

TT-COF and ImIP@TT-COF. SEM images for (d) TT-COF, (e) ImIP@TT-COF, 

and (f) ImIP@TT-COF-6run. 

Field-emission scanning electron microscopy (SEM) images 
show that TT-COF is mainly composed of nanosheets, the 
nanosheets are known to possess more accessible active sites 
for the activation of the epoxides than spherical counterpart 
synthesized by solvothermal approach.13b,14b] Notably, nanowires 
corresponding to ImIP can be clearly observed in the surface of 

TT-COF nanosheets in ImIP@TT-COF (Figure 2d, e). The 
morphology benefits the nucleophilic attack of Br- to the 
activated epoxides by TT-COF. ImIP@TT-COF possesses 
excellent chemical stability. The PRXD patterns have no obvious 
variation after immersed in various organic solvents, HCl (1 M) 
and NaOH (1 M) for 3 days (Figure S2). Thermogravimetric 
analysis (TGA) curve indicate that TT-COF is stable before 270 
oC (Figure S1). The thermal stability of ImIP@TT-COF is slightly 
lower than that of TT-COF owing to the presence of ImIP.[15]  

 

Figure 3. (a) N2 sorption isotherms of TT-COF and ImIP@TT-COF at 77 K. (b) 

Pore size distributions for TT-COF and ImIP@TT-COF. (c) CO2 and N2 

sorption isotherms of TT-COF and ImIP@TT-COF at 273 K. (d) CO2 Qst for 

TT-COF and ImIP@TT-COF. 

The porosities of TT-COF and ImIP@TT-COF were 
investigated by nitrogen physisorption at 77 K (Figure 3a). The 
nitrogen sorption isotherm exhibits type II adsorption branch.[16] 
The obvious hysteresis and steep rise of nitrogen uptake at high 
relative pressure suggests the presence of mesopores.[16b,17] 
Brunauer-Emmett-Teller (BET) specific surface area and total 
pore volume of TT-COF are 132.3 m2 g-1 and 0.47 cm3 g-1, 
respectively, which are decreased in ImIP@TT-COF to 46 m2 g-1 
and 0.11 cm3 g-1, respectively, due to both partial pore filling and 
mass increment after ImIP introduction.[17b] The pore size 
distribution reveals that TT-COF possesses micro- and 
mesopores, which are significantly diminished in ImIP@TT-COF 
(Figure 3b). CO2 adsorption properties of TT-COF and 
ImIP@TT-COF were also investigated. The CO2 capture 
amounts for TT-COF at 273 K and 298 K are 0.97 and 0.61 
mmol g-1, respectively (Figure 3c, S3). Unexpected, ImIP@TT-
COF shows similar CO2 uptake amounts of 0.88 and 0.52 mmol 
g-1 at 273 K and 298 K, respectively, although its BET specific 
surface area and total pore volume are much lower than that of 
TT-COF. The adsorption selectivity of CO2 over N2 was further 
examined. Both TT-COF and ImIP@TT-COF exhibit high CO2 
adsorption selectivity over N2. The selectivities at 273 K in TT-
COF and ImIP@TT-COF are 28.2 and 28.7, respectively (Figure 
3c). The preferable adsorption toward CO2 allows for the 
application in chemical fixation of post-combustion CO2.

[4b,18] The 
isosteric heats of adsorption (Qst) for CO2 were also investigated 
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(Figure 3d). The initial Qst values for TT-COF and ImIP@TT-
COF are 26.3 and 22.5 kJ mol-1, respectively, which suggests 
CO2 sorption in TT-COF and ImIP@TT-COF is physisorption (< 
40 kJ mol-1) other than chemisorption.[19] Thus, their interactions 
with CO2 are suitable for chemical conversion of the adsorbed 
CO2 molecules. 

Considering high CO2 adsorption capacity, rich nitrogen 
content and periodic triazolyl units in TT-COF and ImIP@TT-
COF, their catalytic application in the cycloaddition reaction of 
CO2 with 2-(chloromethyl)oxirane was first investigated in the 
absence of solvents, co-catalysts and additives. When the 
catalytic reaction was conducted under atmospheric CO2 in the 
presence of 30 mg catalyst at 120 oC for 10 h, TT-COF and ImIP 
afforded 4-(chloromethyl)-1,3-dioxolan-2-one in 43% and 36% 
GC yields, respectively (Figure 4a). However, a quantitative 
yield was achieved for ImIP@TT-COF under the same 
conditions. High activity of ImIP@TT-COF mainly originates from 
cooperative interactions between two catalytic components, 
namely charge-balanced Br- anion of ImIP and hydrogen bonds 
from TT-COF. To  substantiate cooperative effects of TT-COF 
and ImIP, the catalytic reaction was also conducted using 
physical mixture of TT-COF and ImIP, a 77% GC yield was 
obtained for the target product. These observations indicate that 
the integration of task-specifc components is an important factor 
for the improvement of catalytic activity in the cycloaddition 
reaction of CO2 with 2-(chloromethyl)oxirane. 

 

 

Figure 4. (a) The catalytic activities for ImIP@TT-COF, ImIP, TT-COF and 

physical mixture of ImIP and TT-COF. (b) The kinetic curves for the 

cycloaddition reaction. (c) The effect of ImIP loading on the cycloaddition 

reaction. (d) Recyclability of ImIP@TT-COF in the cycloaddition reaction. 

Reaction conditions: ImIP@TT-COF (30 mg), 2-(chloromethyl)oxirane (9.2 

mmol), CO2 (1.0 atm) at 120 °C for 10 h. 

The kinetic curve of ImIP@TT-COF for the catalytic reaction 
was shown in Figure 4b. The formation of 4-(chloromethyl)-1,3-
dioxolan-2-one and the consumption of 2-(chloromethyl)oxirane 
gradually increased until the reaction was finished in 8 h. The 
selectivity of 4-(chloromethyl)-1,3-dioxolan-2-one remains above 
99% during the catalytic reaction. Temperature-dependent 

activity was also examined under atmospheric CO2 in the 
temperature range from 25 to 140 oC (Figure S4). Obviously, 
relatively high temperatures have positive effects on CO2 
cycloaddition. Only trace amount of  2-(chloromethyl)oxirane 
participated in the reaction at 25 oC, but the GC yields at 80 and 
100 oC were increased to 32% and 81%, respectively. The 
quantitative conversion was achieved at 120 oC. The effects of 
ImIP loading in ImIP@TT-COF on the catalytic reaction were 
also explored (Figure 4c). The yield of 4-(chloromethyl)-1,3-
dioxolan-2-one gradually enhanced when the loading of ImIP 
increased to 7.2 wt%, an almost linear relationship between 
catalytic activity and nucleophilic Br- anion was observed, 
revealing strong activation ability of TT-COF toward CO2 and the 
epoxides. 

The reusability of ImIP@TT-COF was examined using 30 mg 
of ImIP@TT-COF at 120 oC for 10 h (Figure 4d). After the 
cycloaddition reaction was conducted at least six times through 
recharge of CO2 and 2-(chloromethyl)oxirane, negligible loss of 
catalytic activity and selectivity were observed. The recovered 
ImIP@TT-COF after consecutive reaction for six runs 
(ImIP@TT-COF-6run) was characterized. SEM image (Figure 
2f), FTIR (Figure S5) and PRXD pattern (Figure S6) of 
ImIP@TT-COF-6run have no appreciable change when 
compared with that of ImIP@TT-COF, suggesting that the 
excellent durability of ImIP@TT-COF during the catalytic 
reaction. The filtration test was conducted to examine 
heterogeneity of ImIP@TT-COF (Figure 4b). After reaction was 
performed for 4 h, ImIP@TT-COF was quickly filtered off, and 
the filtrate continued to react for the additional 6 h, negligible 
change in activity and selectivity confirms that the reaction 
proceeds in a heterogeneous pathway. 

The substrates generality for ImIP@TT-COF was explored 
using the epoxides containing various groups, such as alkyl 
halide, alkyl, alkene and ether. As shown in Table 1, a 
quantitative conversion and 71% GC yield were obtained when 
2-(chloromethyl)oxirane (entry 1a) and 2-methyloxirane (entry 
2a) were used as substrates, respectively. High activity of 2-
(chloromethyl)oxirane is mainly attributed that the electron-
withdrawing -CH2Cl group is favorable for nucleophilic attack of 
Br- from ImIP to the epoxide when compared with electron-rich 
2-methyloxirane. Notably, a 98% GC yield was achieved for 2-
methyloxirane when the reaction time was elongated to 24 h 
(entry 2b). The use of the epoxides with long alkyl and ether 
chains, such as 2-butyloxirane, 2-(ethoxymethyl)oxirane and 2-
((allyloxy)methyl)oxirane, also afforded the resultant cyclic 
carbonates in good catalytic activity and selectivity (entries 3a, 
3b, 4a, 5a, 6a). As expected, 2-phenyloxirane bearing large 
steric hindrance gave rise to the target product in low conversion 
of 66% (entry 7a), while complete cycloaddition to cyclic 
carbonate was realized when reaction time was enhanced to 48 
h (entry 7b). However, the use of the internal cyclohexene oxide 
gave 31% GC yield in 48h (entry 8a), its lower activity than those 
of terminal epoxides is consistent with previous reports.[10a, 20] It 
is noteworthy that the reaction of diepoxide with CO2 generated 
the target product in a 94% GC yield after 48 h (entry 9a). 

Given high activity and preferable adsorption of CO2 over N2, 
the application of this catalytic system for transformation of post-
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combustion CO2 was further evaluated (Table 1). A mixed gas 
containing 0.15 atm CO2 and 0.85 atm N2 was used to simulate 
flue gas from the power plant. ImIP@TT-COF exhibited high 
catalytic activity for the cycloaddition reaction of 2-
(chloromethyl)oxirane with the simulated flue gas, and 100 % 
conversion was obtained in the presence of 30 mg catalyt at 120 
oC for 24 h (entry 1b). The use of 2-methyloxirane gave rise to 
the resultant product in a 55% GC yield (entry 2c), which was 
increased to 85% for reaction time of 48 h (entry 2d). 

Interestingly, the epoxides with long alkyl carbon chain showed 
lower conversion than that of the epoxides with long ether chain 
(entries 3c, 4b, 5b, 6b). ImIP@TT-COF is also effective for 2-
phenyloxirane with bulkier steric hindrance and the internal 
cyclohexene oxide, the target products were obtained in 66 and 
17% GC yields in 48 h, respectively (entries 7c, 8b). Notably, 
when diepoxide was used as substrate, the resultant product 
was obtained in 51% conversion and 100% selectivity (entry 9b). 

 

Table R1. The cycloaddition reaction of CO2 with the epoxides catalyzed by ImIP@TT-COF
a 
 

Entry Epoxide Product PCO2 (atm) Time (h) Yieldb (%) Select.b (%) 

1a 

 
 

1 10 >99 99 

1b 0.15 24 >99 99 

2a 

 
 

1 10 71 >99 

2b 1 24 98 >99 

2c 0.15 24 55 >99 

2d 0.15 48 85 >99 

3a 

 
 

1 24 63 >99 

3b 1 48 96 >99 

3c 0.15 48 53 >99 

4a 

 
 

1 24 >99 >99 

4b 0.15 48 86 >99 

5a 

 
 

1 24 >99 >99 

5b 0.15 48 89 >99 

6a 

 
 

1 24 96 >99 

6b 0.15 48 83 >99 

7a 

 
 

1 24 66 >99 

7b 1 48 >99 >99 

7c 0.15 48 66 >99 

8a 

  

1 48 31 >99 

8b 0.15 48 17 >99 

9a 

  

1 48 94 >99 

9b 0.15 48 51 >99 

a 
Reaction conditions: 2-(chloromethyl)oxirane (9.2 mmol), ImIP@TT-COF (30 mg), 120 °C, 

b
GC yield.

 

 

To get fundamental insight into cooperative roles of TT-COF 
and ImIP in the cycloaddition reaction, the density functional 
theory (DFT) calculations were carried out using Gaussian 09 
package.[21] There are two types of interactions between the 
model molecule of TT-COF and 2-(chloromethyl)oxirane. One is 
that the lone pair of electrons in the 4-positioned triazolyl 
nitrogen atom of the model molecule interact with the β-carbon 

atom of the 2-(chloromethyl)oxirane, hydrogen bonds between 
hydrogen atom of the adjacent N-H groups and the oxygen atom 
of 2-(chloromethyl)oxirane are simultaneously formed (Figure 
5a). The dual interactions increase the C-O bond distance in the 
β-carbon atom of 2-(chloromethyl)oxirane from 1.439 to 1.442 Å. 
The energy for the interactions is 18.04 kJ mol-1. CO2 is also 
activated by the model molecule, giving rise to the bond angle of 

O

O O

O

O

OO

O

O

O

OO

O

10.1002/cssc.202001658

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.



178.8o and the interaction energy of 15.36 kJ mol-1. The other is 
that the 2-positioned nitrogen atom and 1-positioned hydrogen 
atom in the triazolyl units interact with 2-(chloromethyl)oxirane 
(Figure 5b), the corresponding C-O bond distance and the 
interaction energy are further increased to 1.456 Å and 34.45 kJ 
mol-1, respectively, which are more conducive to the ring 

opening of the epoxides. In addition, the increment for both bond 
angle variation of linear CO2 and the interaction energy between 
CO2 and the model molecule are also observed. These results 
clearly indicate that 2-(chloromethyl)oxirane are preferable for 
being activated by triazolyl moieties of TT-COF. 

 

 

Figure 5. (a,b) The calculated interactions for the model molecule of TT-COF with 2-(chloromethyl)oxirane and CO2. The proposed mechanisms for the 

cycloaddition reaction catalyzed by (c) TT-COF and (d) ImIP@TT-COF. 

The plausible mechanism for the cycloaddition reaction has 
been proposed.[18a,22] For TT-COF, N-H groups of triazolyl units 
in TT-COF can activate C-O bond of the epoxides through 
hydrogen bonding interactions (Figure 5c).[5e,23] Meanwhile, the 
aromatic nitrogen atom of triazolyl units interacts with the β-
carbon atom of the epoxide through lone pair of electrons,[24] 
resulting in the ring-opening of the epoxides, subsequent 
coupling with CO2 forms the cyclic carbonates with synchronous 
recovery of TT-COF, but the acticity is low owing to weak 
necleophicity of aromatic nitrogen atoms when compared with 
that of halide anions. When ImIP is introduced into TT-COF, the 
flexibility and movability of the nucleophilic Br- anion from ImIP 
render task-specific components in ImIP@TT-COF efficiently 
synergistic interaction (Figure 5d),[11a,25] and leading to the 
increment of catalytic activity. The ring-opened oxyanion 
intermediate is stabilized by hydrogen bonds with N-H groups. 

Simultaneously, the interaction of the oxyanion intermediate with 
CO2 generates the alkyl carbonate species. The intramolecular 
ring closure with the release of bromide anion gives rise to the 
resultant cyclic carbonates and the recovered ImIP@TT-COF. 

Conclusions 

The concerted heterogeneous catalytic system has been 
demonstrated through integrating nitrogen-rich TT-COF host and 
ImIP guest. ImIP@TT-COF possesses good CO2 sorption ability, 
high adsorption selectivity of CO2 over N2, rich nitrogen contents 
and periodic hydrogen bonding donor, leading to high 
concentration of CO2 around active sites. The nucleophilic Br

- 
anion from ImIP and hydrogen bonding donor from TT-COF 
synchronously promote the ring opening of the epoxides for the 
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formation of the oxyanion intermediate. Meantime, the 
morphology of nanosheets and nanowires are conducive to the 
availability of catalytically active sites. These advantages enable 
catalytic activity of ImIP@TT-COF to be much higher than those 
of individual counterparts and their physical mixture. Moreover, 
ImIP@TT-COF is also effective for chemical fixation of post-
combustion CO2. This work provides a new protocol for the 
development of metal-free catalytic systems for chemical 
conversion of CO2 into value-added chemicals and other 
catalytic applications.  

Experimental Section 

Synthesis of TT-COF: 1,3,5-Triformylphloroglucinol (21.0 mg, 0.1 mmol) 

in 150 mL of dichloromethane was poured into the beaker, then 50 mL 

aqueous solution of 1H-1,2,4-triazole-3,5-diamine (14.9 mg, 0.15 mmol) 

and 4-methylbenzenesulfonic acid (3.44 g, 20 mmol) was carefully added 

on top of 1,3,5-triformylphloroglucinol solution and a spacer layer was 

achieved. The system was kept at room temperature for seven days. The 

resultant yellow power at the interface was isolated by filtration and then 

successively washed with water, ethanol and dichloromethane. The 

collected sample was further treated through Soxhlet extraction with 

dichloromethane for 24 h, and dried under vacuum at 80 oC to afford TT-

COF. 

Synthesis of ImIP@TT-COF: The mixture of TT-COF (100 mg) and 3-

ethyl-1-vinyl-imidazole bromide (100.0 mg) in dried DMF (10.0 mL) was 

ultrasonicated for 30 min, and then azobis(isobutyronitrile) (20.0 mg) was 

added under N2 atmosphere. After heated at 80 °C for 3 days, the 

resultant solid was isolated by filtration, successively washed with DMF, 

acetone and dichloromethane, and then dried under vacuum at 80 oC to 

afford ImIP@TT-COF. 
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