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[bookmark: _Hlk92729314][bookmark: _Hlk92729585]Abstract
Amines and imidazolium are well-known functional groups in carbon dioxide capture applications because of their excellent interactions with CO2, but their combination and possible synergistic effects when combined in polymer foams have not yet been considered. This work reports an innovative one-pot water-mediated synthesis of bifunctional imidazolium/amine microcellular polymer foams containing tunable ratios of these functions by combining the Radziszewski multicomponent reaction and high internal phase emulsion (HIPE) polymerization in a one-pot manner. The resulting polymer foams have unique textural and structural properties exhibiting rapid CO2 sorption kinetics with good capacities and excellent ability to selectively capture CO2 from the gas mixture in spite of their low specific surface. The bifunctional amine/imidazolium foams showed superior CO2 capture performances compared to their monofunctional counterparts, indicating the synergy between the functional groups. Comparison with the corresponding non-porous bulk materials also proved that the imidazolium/amine bifunctionality must be incorporated in a highly porous morphology to beneficiate from efficient and fast CO2 uptake. The marked influence of both the amine/imidazolium ratio and the nature of the imidazolium counteranion on CO2 capture capacity under dry and humid conditions is demonstrated, as well as the outstanding multicyclic capture performance.
1. Introduction 
The massive consumption of the fossil resources to sustain our society's economic growth has generated excessive emissions of carbon dioxide (CO2) largely responsible for the anthropogenic climate change and global warming that we are witnessing. A key challenge to address this considerable environmental concern and to move toward more sustainability is the development of innovative materials and processes for carbon dioxide capture prior to sequestration or valorization. Among the carbon capture technologies developed at academic and industrial scales, porous organic polymers (POPs) represents a very promising class of materials due to their high porosity, lightweight structural diversity, and physicochemical stability.[1] A popular and robust method for preparing POPs involves emulsion templates. The polymerized high internal phase emulsions, referred to as polyHIPEs (PHs), are highly porous, usually one-piece polymeric foams, with unique three-dimensional (3D) interconnected microcellular morphology,[2–4] which makes them particularly attractive in a variety of tremendous potential applications such as biomedicine, catalysis, water purification and also gas capture. The key advantage of PH foams over other POPs is their tunability in pore size, interconnectivity, mechanical properties as well as chemical functionality, which strongly impact PH’s effective performance in various applications. Several synthetic strategies have been developed to tune the functional groups of PHs, such as the incorporation of monomers/comonomers bearing the desired functional groups for possible post-polymerization functionalization (PPF)[5–8] or the surfactant-assisted functionalization.[9–13] Recently, amino- or imidazolium-functional PH foams have become very attractive for a variety of applications, especially in gas capture.[14] 
Due to the ability of organic amines to interact with CO2,[15] various amine-functionalized PHs have been prepared and used as solid sorbents in CO2 capture applications.[16,17,26–28,18–25] A series of amino-functional PHs produced by PPF of vinylbenzyl chloride (VBC)-based precursors using different amine derivatives such as ethylenediamine, imidazole, piperazine as well as piperidine derivatives, showed CO2 uptake ranging from 0.4-2.18 mmol.g-1.[16,17] In addition, quaternary ammonium hydroxide-PPF PHs were also tested and showed good reversible CO2 uptake performances.[18,19] Some interconnected PHs with abundant triazole groups absorbed CO2 chemically in 1:1 stoichiometry and showed a good CO2/N2 selectivity.[20] Another group of organic amine compounds commonly used for chemical functionalization of PHs for CO2 capture are polyethylenimines (PEIs).[21,23–25] Some PEI-grafted TiO2[26,27] MOF[22,28,29] and zeolite[30] PHs composites have also been developed and proved efficiency as CO2 sorbents. 
In recent years, porous polymerized ionic liquids (PILs) have shown promise as sorbents for CO2 capture.[31–40] Some PILs have been structured into highly interconnected porous PHs, but to our knowledge, the latter have never been considered for CO2 capture. PHs based on PILs were synthesized through radical polymerization of various HIPE systems such as carbon dioxide-in-water (CO2/W),[41] carbon dioxide-in-ionic liquid (CO2/IL),[42] or water-in-oil (W/O) HIPEs.[8] Very recently, another chemistry has been used to cure HIPE, such as the Radziszewski multicomponent reaction (MCR), in which imidazolium-based PH monoliths were prepared in a one-pot manner.[43] The excellent atom- and step-economy of MCRs provide an efficient and environmentally friendly synthetic approach for macromolecular design with good substrate diversity that has therefore attracted growing interest in the field of polymer synthesis.[44–47] 
[bookmark: _Hlk74244263]Despite the obvious advantages of amine- or PIL-based materials for CO2 capture applications, the combination of both functional domains in a single PH monolith and their possible synergistic effect have not yet been considered. Moreover, the use of imidazolium-based PH monoliths as supports for CO2 capture is still underdeveloped and should be explored. The present work reports an innovative and straightforward one-pot process for the preparation of amino/imidazolium-based bifunctional PH foams relevant to capture CO2. To this end, Radziszewski MCR and radical polymerization are combined for the first time in a two-phase HIPE system (Scheme 1). In the resulting bifunctional PH monoliths, amines and imidazolium crosslinks were combined in tunable proportions ranging from fully PIL-based to amino-rich PHs. The fully amine-based PH was also prepared for comparison purposes. The CO2-sorption performances of these bifunctional PHs are investigated and compared with their monofunctional analogues, highlighting a synergistic effect of both functionalities. The influence of the amine/imidazolium ratio and of the imidazolium counterion on the CO2 capture capacity as well as the selectivity and recyclability were also investigated. 
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Scheme 1. Imidazolium/amine polyHIPEs synthesis combining Radziszewski MCR and emulsion templating polymerization.

[bookmark: _Hlk529462916][bookmark: _Hlk22139454]2. Materials and methods
2.1. Materials
Glyoxal (40 wt% in H2O), formaldehyde (37 wt % in H2O), calcium hydride (95 %, +4 mesh), sodium sulfate anhydrous (>99 %), sodium citrate dihydrate (>99 %), sodium bicarbonate (NaHCO3, >99.7 %) citric acid (99 %) and acryloyl chloride (>96 %) were purchased from Sigma Aldrich. 2,2'-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) (>98 %) was purchased from TCI. Tert-butyl N-(2-aminoethyl)carbamate (98%) and HCl (4M) in dioxane were purchased from Fluorochem. Diethyl ether (Et2O, technical grade), tetrahydrofuran (HPLC) and cyclohexane (> 99%) and sodium chloride (NaCl, >99 %) were purchased from VWR. Triethylamine (TEA, 99%) was purchased from Acros. Sodium acetate anhydrous (p.a.) was purchased from Vel. Chloroform (CHCl3, >99.8 %) and methanol (MeOH, >99.9 %) were purchased from Fisher Scientific. Deuterated solvents were purchased from Eurisotop. Pluronics PEF68 was purchased from ICI Surfactants. All chemicals and solvents were used without purification except for THF that was dried onto molecular sieves and TEA which was dried under calcium hydride, purified by distillation under reduced pressure and kept under Ar.

2.2. Characterization
13C Cross Polarization (CP) and Magic Angle Spinning (MAS) NMR spectra were recorded with 4-mm zirconia rotors spinning at 10 kHz on a Bruker Avance III HD spectrometer (B0 = 9.04 T) working at the Larmor frequency of 100.62 MHz. Cross polarization experiments were performed with a delay time of 2 s and a contact time of 2 ms. 1H NMR, HSQC, HMBC and COSY spectra were recorded at 298 K with a Bruker Avance III HD spectrometer (B0 = 9.04 T) (400 MHz) and treated with MestReNova software. IR spectra were recorded on ThermoFischer Sientific Nicolet IS5 equipped with an ATR ID5 module using a diamond crystal (650 cm-1 - 4000 cm-1). The SEM images of PH100, PH33 and PH11 were collected with a field emission environmental SEM Philips XL30 apparatus after metallization of the sample with Pt (30 nm). The SEM images of PH0 were collected with Quanta 600 appartus. The SEM pictures were treated with the ImageJ software. Brunauer–Emmett–Teller (BET) measurements carried out with nitrogen. Specific surface areas were calculated using BET theory based on N2 sorption measurements performed at 77K on Quantachrome IQ3 sorption apparatus. Prior measurements the samples were outgassed at 100 °C overnight. Differential scanning calorimetry (DSC) was performed on a DSC 250 TA Instruments, using hermetic aluminium pans, indium standard for calibration, nitrogen as the purge gas, a sample weight of ∼5 mg. The sample was cooled down to -20 °C at 20 °C/min cooling rate, followed by an isotherm at −20°C for 2 min and heating up to 100 °C with acetate as counterion (or 120 °C with TFSI) at 10 °C/min heating rate. These cycles were done twice. The fourth cycle (last heating from -20 to 100 °C or 120 °C) was analysed. Thermogravimetric analysis (TGA) analyses were carried out with a TGA 2 large furnace from Mettler Toledo under nitrogen at a heating rate of 20°C /min from 30 °C to 600 °C with a sample weight of ∼6 mg. Elemental analysis was used to determine the percent weight of specific atoms of carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) in the PHs and therefore enabling to verify their empirical formula (CxHyNjSk). Elemental analysis was realized on a Thermo Electron Corporation Flash EA 1112 CHNS Elemental Analyzer (Interscience sprl, Louvain-la-Neuve, Belgium) equipped with a dry sample auto-sampler on the top of furnace, and under Eager 300 dedicated software control for organic elemental analysis in the following analytical conditions: 900 °C for sample combustion, 130 mL/min of the Carrier Flow, 100 mL/min for Reference Flow, 250 mL/min for Oxygen Flow, 5 sec for Oxygen Injection End (0 sec for Oxygen analysis), 12 sec for Sample Delay Time, 10 min for Run time, and 1.3 – 1.8 mg for sample weight. Electrospray ionization mass spectrometry (ESI-MS) were performed on a SYNAPT G2-Si from Waters. The sample was solubilized in a mixture of MiliQ water-acetonitrile (1:1 v:v) in presence of 0.1 v% of formic acid prior to ionization. CO2 and N2 isothermal sorption, kinetic and cycling studies have been performed on a IMI-HTP manometric gas analyser (Hiden Isochema Inc.) The measurement under humid conditions, were measured on the gravimetric DVS Vacuum adsorber (Surface Measurement systems). All CO2 capture measurements are detailed in the supporting information section.

2.3. Synthesis of N-boc-aminoethyl acrylamide (Boc-AEAm).
Acryloyl chloride (8.146 g, 90 mmol) in 120 ml THF was added dropwise into an ice cooled dried THF (180 ml) containing Boc-ethylenediamine (12.016 g, 75 mmol), dried triethylamine (9.1071 g, 90 mmol) and 3A molecular sieve in 1 h under stirring. The mixture was stirred for another 2 h in ice water, and then at room temperature overnight. After removal of white precipitate by filtration, THF was removed by rotary evaporator. The residual powder was dissolved into 300 ml chloroform and washed subsequently with citrate buffer solution (citric acid and trisodium citrate dihydrate, 500 mM buffer strength, 300 ml, pH 5.0), saturated brine (300 ml), saturated NaHCO3 (300 ml), finally saturated brine (300 ml). The organic layer was collected and dried by anhydrous Na2SO4. After removal of the chloroform, yellowish powder was obtained. Isolated yield: 91.7 %. 1H NMR (CDCl3): δ 1.43 (s, 9H, (CH3)3C), 3.31 (m, 2H, CH2-amide), 3.43 (m, 2H, CH2-carbamate), 5 (s, 1H, NH carbamate), 5.63 (m, 1H, =CH), 6.06-6.28 (m, 2H, CH2=CH), 6.49 (s, 1H, NH amide) (Figure S1).

2.4. Synthesis of aminoethyl acrylamide (AEAm)
60 ml 4 M HCl in dioxane was injected onto Boc-AEAm (10 g, 47 mmol) in a 100 ml flask. After 4 h reaction, the yellowish powder (AEAm) was collected and washed thoroughly with cold diethyl ether. The powder was poured into 100 mL of cold diethyl ether under stirring for 1 hour then filtered and dried for 48 hours under vacuum at 30 °C. The highly hygroscopic product was stored at -20 °C with caution to avoid water absorption. Isolated yield: 96.6 %. 1H NMR (D2O): δ 3.18 (m, 2H, CH2-protonated amine), 3.58 (m, 2H, CH2-amide), 5.75-5.84 (m, 1H, =CH), 6.17-6.33 (m, 2H, CH2=) (Figure S2). ESI-MS: 115.08 m/z and 229.16 m/z corresponding to the desired product and the Michael addition adduct respectively (Figure S3). NMR calculation for purity: 94 % of AEAm and 6% of the side-product (Figure S2).

2.5. Synthesis of the imidazolium bis-acrylamide crosslinker (IBAm).
In reaction tube, 5 mmol of AEAm (753 mg) was dissolved in 5 or 1.5 ml of MiliQ water. Depending on the trial, acetic acid (15, 12.5 or 0 mmol) and/or sodium acetate (0,2, 5 or 7.5 mmol) were added. Solutions of formaldehyde (37 wt% in water, 2.5 mmol, 203 mg) and glyoxal (40 wt% in water, 2.5 mmol, 363 mg) were put in the reaction mixture. The reactions were carried out at room temperature under air. After for 1 hour, the solutions were drawn under reduced pressure at 30 °C to remove the volatile residual compounds and concentrate the solution. Sample were analyzed by 1H NMR in D2O (Figure S4). The conversions were calculated based on NMR integrals, according to the following equation: 

were the signal g corresponds to the aromatic protons, b’ and c’ correspond to the vinylic protons of IDA while b and c correspond to the vinylic protons of AEAm. The vinylic protons of both AEAm and IDA being indistinguishable, they were integrated together. The results of the different reactions are presented in Table 1.

2.6. Synthesis of imidazolium-based PHs (PH100). 
In a reaction tube, AEAm (1.506 g, 10 mmol), formaldehyde (37 wt% in water, 0.410 g, 5 mmol), glyoxal (40 wt% in water, 0.726 g, 5 mmol), sodium acetate (1.231 g, 15 mmol) were dissolved in water (3 g). After 1 hour at room temperature, the surfactant PEF68 (0.346 g, 5 w% of the total aqueous phase) and VA-044 (65 mg, 0.2 mmol) were added to the reaction mixture, followed by dropwise addition of cyclohexane (15.59 g, 20.026 mL, 75 v% of the total emulsion) under mechanical stirring (500 rpm). The resulting HIPE emulsions were put under argon after brief flushing to remove oxygen and cured at 60 °C for 5 hours. Finally, the materials produced accordingly were immersed in MeOH/THF (1:1 v:v) followed by a short immersion in water for washing (2 hours). The samples were then freeze-dried. 

2.7. Synthesis of bifunctional amine/imidazolium-based PHs (PH33 and PH11).
In a reaction tube, AEAm (5 or 2 mmol), formaldehyde (2.5 or 1 mmol), glyoxal (2.5 or 1 mmol) and sodium acetate (7.5 or 3 mmol) were dissolved in water (1.5 or 0.6 mL). After 1 hour at room temperature, fresh AEAm (5 or 8 mmol), water (1.5 or 2.4 mL), PEF68 (0.288 or 0.252 g, 5 w% of the total aqueous phase) and VA-044 (65 mg, 0.2 mmol) were added to the reaction mixture before emulsification by dropwise addition of cyclohexane (13.40 or 12.09 g, 75 v% of the total emulsion) under mechanical stirring (500 rpm). The resulting HIPE emulsions were put under argon after brief flushing to remove oxygen and cured at 60 °C for 5 hours. Finally, the materials produced accordingly were immersed in MeOH/THF (1:1 v:v) followed by a short immersion in water for washing (2 hours). The samples were then freeze-dried.

2.8. Synthesis of the amine-based PH (PH0). 
In a reaction tube, AEAm-HCl (8 mmol) and N,N'-methylenebisacrylamide  (1 mmol) were dissolved in water (3.7 mL) with PEF68 (0.268, 5 w% of the total aqueous phase) and VA-044 (65 mg, 0.2 mmol). The emulsification was performed by dropwise addition of cyclohexane (13.127 g, 75v% of the total emulsion) under mechanical stirring (500 rpm). The resulting HIPE emulsion was put under argon after brief flushing to remove oxygen and cured at 60 °C for 5 hours. Finally, the material produced accordingly was immersed in MeOH/THF (1:1 v:v) followed by immersion in 100 mL of aqueous solution of NaHCO3 (0.2 M) at +6 °C under gentle stirring. The sample was then immersed in MiliQ water for washing the excess of salt eventually freeze-dried.

2.9. Synthesis of nonporous networks (NPN100-0). 
The corresponding pure imidazolium (NPN100-TFSI), bifunctional imidazolium/amine (NPN33-TFSI and NPN11-TFSI, imidazolium/amine molar ratio : 33/67 and 11/89, respectively) as well as pure amine (NPN0) gels were obtained by curing the aqueous solution containing the monomers, crosslinker and initiator without emulsification. Same compositions, time and temperatures were used compared to the preparation of the corresponding HIPE processes described above.   

2.10. Anions exchange procedure. 
In an Erlenmeyer, the dried PHs were immersed for 24 hours in 100 mL of aqueous solution of NaHCO3 (0.2 M) at +6 °C under gentle stirring. The samples were split into two equal part and immersed in a methanol solution (100 mL) containing the counterion salt in excess, i.e. NaOAc (3.3 g, 40 mmol) and LiTFSI (12 g, 40 mmol). The samples were then immersed in MiliQ water for washing the excess of salt. Eventually the samples were freeze-dried.

2.11. Water uptake (WU). 
The samples were immersed in water until weight equilibrium was reached. The latter were weighted before and after the freeze-drying last step of their synthesis. The water uptake is calculated based on the following formula:


3. Results and discussion
3.1. Imidazolium crosslinker from Radziszewski reaction
[bookmark: _Hlk88745193][bookmark: _Hlk91577760]The incorporation of imidazolium groups into the foam’s macromolecular network was based on the use of an imidazolium bis-acrylamide (IBAm) crosslinker produced by Radziszewski MCR. The classical conditions reported for the synthesis of imidazoliums by Radziszewski reaction involve acetic acid (HOAc) as catalyst.[48] However, since the IBAm in our case was prepared in situ, directly in the external phase of HIPE, it was necessary to modify the Radziszewski MCR, where aminoethyl acrylamide (AEAm) was coupled with glyoxal and formaldehyde (Scheme 2). First, the AEAm was hitherto synthesized by reacting N-Boc-ethylenediamine with acryloyl chloride to give N-boc-aminoethyl acrylamide (Figure S1), which was subsequently deprotected with hydrochloric acid to give aminoethyl acrylamide hydrochloride (AEAm-HCl) (Figures S2 and S3 for 1H NMR and ESI-MS analysis). The conversion of AEAm-HCl to the IBAm crosslinker was then thoroughly investigated to determine optimal reaction conditions that are compatible with the subsequent HIPE formulation and curing (Table S1 and Figure S4). Overall, we found that the Radziszewski MCR proceeds quantitatively in one hour when using sodium acetate as catalyst in a 1.5-fold excess compared to the amine functions. The targeted IBAm product was fully characterized by NMR without further purification (Figure S5).


Scheme 2. One-pot synthesis of the imidazolium crosslinker by Radziszewski reaction.

3.2. Synthesis of emulsion-templated porous polymers.
The imidazolium-based PHs and the bifunctional amine/imidazolium PHs were prepared via a one-pot procedure combining Radziszewski MCR and radical polymerization in an O/W HIPE system (Scheme 1). In an attempt to obtain an imidazolium-based PHs, the IBAm was generated from AEAm directly in the external aqueous phase of the HIPE by the Radziszewski MCR, to which the emulsifier and a water-soluble azo-initiator were added after about an hour, and HIPE completed by the addition of the internal cyclohexane phase. This emulsion was then cured by free radical polymerization for 5 hours at 60 °C leading to a highly porous cross-linked poly(imidazolium) network after subsequent removal of the cyclohexane phase. Finally, the PH was treated with NaOAc/MeOH or LiTFSI/MeOH solutions to obtain poly(imidazolium)-based PHs containing either acetate (sample PH100-OAc) or bis-trifluoromethanesulfonimidate (sample PH100-TFSI) anions. The presence of imidazolium-linkage in the polyHIPEs’ macromolecular networks was then investigated by 13C CP/MAS solid state NMR (Figures 1, S6 and S7) and FTIR (Figures S8 and S9). In the solid-state 13C NMR spectra, the aromatic carbons from imidazolium are evidenced by peaks a and b at 139 and 124 ppm, the aliphatic carbons are gathered between 30 and 55 ppm (c-f) and the amide signal g appears at 177 ppm (Figure 1). Incorporation of acetate counter anion in PH100-OAc is confirmed by the characteristic methyl i signal at 26 ppm, whereas the carbon j from TFSI is barely distinguishable from the imidazolium carbon b in PH100-TFSI. FTIR analyses further confirmed the nature of the counterions with the C=O stretching at 1549 and 1396 cm-1 for acetate (Figure S8) and multiple signals around 1150 cm-1 for TFSI (Figure S9). 
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Figure 1. 13C solid state NMR and FTIR of PH100 and PH11 with acetate or TFSI counterions

[bookmark: _Hlk90902175][bookmark: _Hlk74044773]Next, the bifunctional amine/imidazolium PHs were synthesised by combining MCR and free radical polymerization in a one-pot manner. This time, only 50% and 20% of AEAm-HCl were used in the Radziszewski reaction, forming an imidazolium crosslinker, while the rest of the AEAm-HCl was used as a comonomer, which after polymerization led to the bifunctional PHs with amine/imidazolium ratios of 33/67 and 11/89. After purification, PHs were neutralized and treated with NaOAc/MeOH or LiTFSI/MeOH solutions to release the imidazolium groups with either 33 % or 11 % acetate or TFSI counteranions, abbreviated as PH33-OAc and PH33-TFSI or PH11-OAc and PH11-TFSI, respectively. The successful anion metathesis was confirmed by the solid-state NMR (Figure 1, S6 and S7) and FTIR (Figures S8 and S9). Even in the case of PH11 with the lowest imidazolium content, the counterion is easily identified with specific peaks corresponding to acetate or TFSI, especially in the IR spectra (Figure S8 and S9). As expected, the NMR signals of the aromatic carbons (a and b) become less pronounced as the imidazolium content of the PHs decreases (Figures S6 and S7). To gain a better insight into the composition of the materials, elemental analyses (EA) were performed on the TFSI-based PHs (Tables 1 and S2). The sulfur content should be directly proportional to the imidazolium content of the PHs. The percentage measured for PH100-TFSI (11.7 %) was consistent with the theoretical value (11.8 %). The sulfur content of PH33-TFSI (7.7 %) was also close to the theoretical prediction (8.3 %), while PH11-TFSI had a higher sulfur content than expected (5.6 % instead of 4.1 %). This discrepancy is likely due to unreacted AEAm during polymerization, which coincides with the lower polymerization yield in the case of PH11 (~ 55 %). Finally, based on the sulfur content measured by EA, it is possible to estimate the effective imidazolium content of PH11 which is 16 mol % rather than the targeted 11 mol % (Table S2, entry 4). 
[bookmark: _Hlk98781118][bookmark: _Hlk98781215][bookmark: _Hlk88833430]As a control experiment, a PH consisting entirely of amine functions and deprived of any imidazoliums, i.e. PH0, was prepared via a HIPE templating radical copolymerization of AEAm-HCl with N,N'-methylenebisacrylamide  (MBAm) (AEAm/MBAm 89/11 molar ratio). The solid state 13C NMR spectrum confirmed the chemical structure of the amino-PH without imidazolium functions (Figure S10).

Table 1. Summary of the PHs characteristics.
	Entry
	Sample
	Anion
	Imidazolium content (%)a
	Sulfur content (%)b
	Voids / Pores
Diameter (µm)c
	WU
(g g-1)d
	TOD
(°C)

	1
	PH100-OAc
	Acetate
	100
	ND
	20 ± 7 / 7 ± 2
	29
	220

	2
	PH33-OAc
	
	33
	ND
	32 ± 7 / 7 ± 3
	28
	221

	3
	PH11-OAc
	
	11f
	ND
	27 ± 8 / 7 ± 2
	44
	114

	4
	PH100- TFSI
	TFSI
	100
	11.7
	12 ± 7 / 3 ± 1
	4
	338

	5
	PH33- TFSI
	
	33
	7.7
	21 ± 5 / 5 ± 1
	10
	269

	6
	PH11-TFSI
	
	11f
	5.6
	27 ± 8 / 8 ± 3
	30
	222

	7
	PH0
	/
	0
	ND
	34 ± 11 / 9 ± 4
	18
	114


ND stand for not determined a Theoretical value based on the reagents engaged in the reaction. b Determined by elemental analyses of the PHs-TFSI. c Determined by SEM. d Determined by gravimetry. e An imidazolium content of 16% was calculated value based on the sulfur content 

3.3. Morphology and properties of emulsion-templated PHs
[bookmark: _Hlk90903976][bookmark: _Hlk90904295][bookmark: _Hlk90904636][bookmark: _Hlk90904624][bookmark: _Hlk89328821]The HIPE-templated macroporous structures of the dried PHs were characterized using scanning electron microscopy (SEM). The porous structures of these PHs are shown in Figure 2.  All of them exhibit the typical 3D-interconnected microcellular morphology of PHs with some variance in the void and window diameters, probably due to the nature of the counterion. For example, PH100-OAc exhibits larger voids (cavities) with an average diameter of 20 ± 7 µm compared to PH100-TFSI that have voids diameter of around 12 ± 3 µm (Table 1, entries 1 and 4). The window sizes follow the same trend, with average diameters of 7 ± 2 and 3 ± 1 µm for PH100-OAc and PH100-TFSI, respectively. SEM analysis also confirmed the open-porous morphology of the bifunctional amino/imidazolium PH33 and PH11 (Figure 2). Again, voids and window sizes of PH33-OAc were slightly higher than PH33-TFSI (32 ± 7 µm and 21 ± 5 µm as average void diameter, 7 ± 3  and 5 ± 1 µm for average pores diameter, for acetate and TFSI, respectively) (Table 1, entries 2 and 5). In contrast, void and window diameters of the PH11 stay fairly constant with respect to the nature of the counterions (diamvoids ~ 27 ± 8 µm and diampores ~ 7 ± 2 µm for acetate and diamvoids ~ 27 ± 8 µm and diampores ~ 8 ± 3 µm for TFSI, Table 1 entries 3 and 6). It can be concluded that the morphological disparities between PHs with different counterions are more pronounced in imidazolium-rich materials, which underlines the great influence of the anion on their structure and properties. Finally, the imidazolium-free PH0 exhibit a comparable 3D morphology (Figure 2, Table 1 entry 7). The porosity properties of the PH foams were further analysed by means of gas adsorption using nitrogen as the probe molecule. The Brunauer–Emmett–Teller (BET) measurements revealed negligible specific surface areas indicating that polymer walls do not exhibit any measurable meso-/microporosity (Table S3). 
[image: ]
Figure 2. SEM micrographs of the macroporous PHS.

Important requirements for efficient capture materials are their tolerance to other components in the gas stream, such as water, and thermal stability, which is required during the regeneration phase when CO2 is desorbed. Therefore, the water uptake (WU) and the thermal stability of the different PHs were further evaluated. The WU in PHs was found strongly influenced by both the imidazolium content and the nature of the counterion. In general, the higher the imidazolium content, the higher the nominal degree of crosslinking, which reflects in limited swelling and thus lower water absorption. The water uptake of 29 g·g-1 in PH100-OAc was significantly reduced to only 4 g·g-1 in PH100-TFSI bearing the hydrophobic TFSI counterion (Table 1, entries 1 and 4). Similarly, water uptake varied with the imidazolium content. For the PHTFSI series, the water uptake decreases with increasing imidazolium content from 44 to 29 g·g-1 (Table 1), because a higher imidazolium content in PH means a more crosslinked ​material on the one hand and a higher content of hydrophobic TFSI counterion on the other, two factors being unfavourable for WU. In the case of the PHOAc series, the situation is more complex. Since OAc counterion is more hydrophilic than the TFSI, increasing the imidazolium acetate content (ImOAc) would mean higher WU. On the other hand, however, a higher imidazolium content also increases the degree of crosslinking, which would limit swelling of the PHs, thus WU. Consequently, the highest degree of crosslinking of PH100-OAc (100% of ImOAc) is somewhat compensated by the highest hydrophilic imidazolium content leading to water uptake in the same range as PH33-OAc (33% of ImOAc) (29 and 28 g·g-1, respectively). Eventually, the low degree of crosslinking of PH11-OAc is responsible for the highest WU in the PHOAc series, i.e., 44 g·g-1. 
Next, the thermal stability of the different PHs was evaluated by thermogravimetric analysis (TGA) (Table 1, Figure S11). The PHTFSI series exhibits significantly higher degradation temperatures (TODs) compared to the PHOAc series. For example, the TOD of PH100-TFSI (338 °C) is 118 °C higher than that of PH100-OAc (220 °C) and also decreases with the imidazolium content, e.g. PH100-TFSI: 338 > PH33-TFSI : 269 > PH11-TFSI : 222 °C. The pure amine PH0 has the lowest TOD, i.e. 114 °C. Due to the high TODs, the PHTFSI series is obviously best suited for efficient CO2 sorption at elevated temperatures, the latter being crucial for the solid-porous sorbent in real applications, such as the post-combustion capture (PCC).  

3.4. CO2 uptake of the porous PHs
The CO2 adsorption capacities of the PHTFSI and PHOAc series were examined by recording the equilibrium isotherms at 25 °C and different pressures up to 1 bar (Figure 3a, Table S3). All isotherms are generally of the Langmuir-type at pressures up to about 0.4 bar and evolve to a nearly linear trend in CO2 uptake at higher pressures. The isotherms also show distinct desorption hysteresis loops. This indicates a strong binding affinity of the CO2 molecules to the sorption sites at low surface coverage. The sorption kinetics from vacuum up to 1 bar at 25 °C were also determined and fitted with a linear-driving force model, as it is a simple, physically consistent theory with a minimal number of process-dependent variables (Figure 3b). Equilibrium times are shorter for the lower uptake samples and longer for the higher uptake samples (indicated by vertical dashed lines in Figure 3b), suggesting that the 3D-interconnected microcellular morphology of PHs provides low resistance pathways for the diffusion of CO2 molecules and that the sorption process is mainly determined by the available sorption sites. 
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Figure 3. (a) Equilibrium CO2 isotherms of the indicated materials measured at 25 °C up to 1 bar. Full circles – sorption, empty circles – desorption; (b) Kinetics of CO2 sorption of the indicated materials loaded up to 1 bar. Circles – experimental data, line – linear driving force model fit, vertical dashed lines indicate the time required for 99% of equilibrium values.

[bookmark: _Hlk91060418]The gas sorption capacity of these PHs was found highly dependent of their chemical nature. First, the counter anion (TFSI vs OAc) clearly impacts the CO2 uptake capacity of these materials. In the case of pure imidazolium PHs, the lower CO2 uptake of PH100-TFSI compared to PH100-OAc (0.1 and 0.5 mmol g-1, respectively) can be attributed to the bulkiness of the TFSI anion, which prevents access of CO2 to the cationic imidazolium sites by steric hindrance. This behaviour is well documented for PILs and supported ILs.[49,50]   Note that the CO2 isotherm of PH100-OAc measured at 25 °C exhibits pronounced desorption hysteresis and retains 30% of the totally sorbed CO2 at 10 mbar, consistent with the CO2 sorption profiles observed for poly(imidazolium acetate).[49] This suggests strong interactions with CO2, which could be due to the carboxylation of imidazolium as demonstrated for ILs.[51]
[bookmark: _Hlk91063787]The influence of the counter anion is also very clear in the case of the bifunctional amine/imidazolium PHs. The TFSI-based bifunctional PHs provide much higher CO2 sorption capacities than their pure imidazolium counterpart, with PH11-TFSI having the highest CO2 uptake of 2 mmol.g-1, slightly higher than PH33-TFSI with 1.8 mmol.g-1. CO2 affinity also increases with the amine content, suggesting that the amine is an important contributor to the CO2 sorption process. Evidence for the latter is that in the case of PH11-TFSI, which has the highest amount of amine functions, almost 75% of CO2 was retained during the desorption process (Figure 3a), likely due to extensive chemisorption through the formation of carbamic acid by reaction between an amine and CO2.[52] PH33-TFSI, which contains smaller amount of amine than PH11-TFSI, retained less CO2 during depressurization, about 40%. In order to determine the strength of the interaction between CO2 molecules and the PHs, the isosteric heat of sorption was calculated using Clausius-Clapeyron equation. The PH11-TFSI and PH33-TFSI exhibit enthalpy of sorption of about 70-60 kJ/mol at low surface coverage, which is typical for covalent interactions between CO2 and amine (Figure S12). This value decreases to 25-30 kJ/mol at higher surface coverages, indicating that the primary sorption sites are rapidly saturated with the gradual increase in CO2 loading. Interestingly, the CO2 sorption capacities of the bifunctional PHs were much higher when TFSI was used as counteranion rather than acetate (PH11-TFSI > PH11-OAc and PH33-TFSI > PH33-OAc). An explanation for this is that the fluorinated TFSI counteranions make the polymer network somewhat more hydrophobic and CO2-philic compared to OAc, facilitating the diffusion of CO2 in the void-walls of the PHs. 
Since these bifunctional PHTFSI materials have a low to moderate degree of crosslinking and TFSI content, this occurs without the detrimental steric hindrance from the anion encountered for PH100-TFSI. The CO2 sorption capacity of the PH33-TFSI and PH11-TFSI was further investigated at higher isothermal temperature up to 50 °C (Figure S13). The CO2 sorption capacity of both materials was almost completely preserved in an entire temperature range, i.e., between 25 °C and 50 °C (Figure 4a), which is very promising for a real-life PCC application.  
The CO2 capture performance of the most promising materials of this study, namely PH11-TFSI and PH33-TFSI, were benchmarked with those of previously reported polyHIPEs that also beneficiate from the high flow through properties of their macroporosity. Despite their negligible N2-detectable BET surface areas (Table S3), it is worth noting that PH11-TFSI and PH33-TFSI exhibit CO2 capture rivalling that of porous poly(imidazolium)s and amine-based PHs, including organic-inorganic hybrid materials with much larger specific surface areas (Table S4). Such a comparison further supports the great interest of combining imidazolium and amine within porous structures for this application.
Finally, the reference material PH0, deprived of imidazolium groups and composed only of amine functions, exhibits a very low CO2 uptake (0.09 mmol.g-1, Figure 3a, Table S3 entry 7). Again, this further highlights the synergy between the amine and imidazolium functions in the CO2 sorption process of the bifunctional materials (PH11-TFSI and PH33-TFSI). Although the reasons behind this synergy is still not fully elucidated, a reasonable hypothesis could be that the fluorinated imidazolium-TFSI functions could facilitate the diffusion of the CO2 within the wall of the foam and enable access amines inside the wall of the foams.
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Figure 4. (A) Equilibrium CO2 uptakes reached at 1 bar at different temperatures for PH33-TFSI and PH11-TFSI, (B) CO2 isotherms at 25 °C for the non-porous networks and (C) IAST CO2/N2 selectivity as a function of CO2 partial pressure at CO2/N2=15:85 binary mixture.

3.5. CO2 uptake of the non-porous networks
To explore and understand the role of the 3D-interconnected microcellular morphology of PHs on CO2 uptake and sorption kinetics, a series of referenced nonporous networks (NPNs) with amine and imidazolium contents similar to those of the above PH were prepared and studied. In this context, pure imidazolium (NPN100-TFSI), bifunctional imidazolium/amine (NPN33-TFSI and NPN11-TFSI) and pure amine (NPN0) gels were synthesized by curing aqueous monomer solutions similar to the external phase of PHs only without the surfactant. After curing, the NPNs were subjected to an anion exchange and freeze drying. The sorption isotherms recorded at 25 °C for the different NPNs are shown in Figure 4b. All samples revealed very low CO2 uptake between 0.10 and 0.06 mmol.g-1 at 25 °C and 1 bar with near-linear uptake increase with the pressure. Moreover, no plateau was reached in any of the isotherms, indicating a very limited diffusion process within the nonporous polymers. Such a discrepancy in CO2 uptake between the PHs and the corresponding NPNs highlights the importance of the 3D-interconnected microcellular morphology in the PHs, which allows an easy diffusion of gas molecules and accessibility of the CO2 sorption sites even inside the polymer matrix.

3.6. Sorption selectivity 
The PHs sorption selectivity of CO2 against the major component in the flue gas, i.e. N2 (> 70%),[53] was evaluated by the ideal adsorbed solution theory (IAST) and plotted as a function of the partial pressure of CO2 in binary mixtures of CO2 in N2 gas at 25 °C (Figure 4c). N2 isotherms recorded at 25 °C and 1 bar showed very small amount of sorbed nitrogen (Figure S14). The bifunctional PH33-TFSI exhibited exceptionally high CO2/N2 selectivity, namely 176 CO2 molecules to one N2 molecule at a partial pressure of 0.15 bar (pressure corresponding to the partial pressure of CO2 in fumes of power station plants), while this value dropped to 50 and 20 for PH11-TFSI and PH100-TFSI, respectively. The corresponding PHOAc series showed CO2/N2 selectivity between 68 and 13. The unusually high CO2/N2 selectivity of the PH33-TFSI material reiterates the importance of both the synergy between amine and imidazolium functions and the role of the counteranion in the CO2 sorption process.

3.7. CO2 capture under humidity 
[bookmark: _Hlk91142357]In general, the environment of flue and landfill gases also contains other components such as acid gases and especially 5-7 vol% water vapour,[53] which require sorbents with excellent stability. While the presence of water vapour significantly reduces the CO2 sorption capacity of the promising porous materials and our best performing materials, i.e. PH33-TFSI and PH11-TFSI, revealed a WU of 10 and 30 g·g-1, respectively, their CO2 sorption kinetics and capacities were evaluated under humid conditions (Figure 5). In practice, CO2 uptake experiments were performed by exposure to 50% relative humidity. Both materials showed an initial mass increase due to water sorption, consistent with their WU ability (Table 1). This water absorption was lower for PH33-TFSI due to its higher content of hydrophobic TFSI counter anion (Figures 5c and 5d). The CO2 sorption was measured up to a total pressure of 1 bar per step of 100 mbar. Several conclusions can be drawn from the kinetic and the sorption curves. After exposure to moisture, CO2 equilibrium capacities decreased by about 30% in both cases (from 1.8 to 1.2 mmol.g-1 and from 2.0 to 1.4 mmol.g-1 for PH33-TFSI and PH11-TFSI, respectively), but, most importantly, both are still functional materials that retain significant sorption capacities in the presence of 50% relative humidity (Figures 5a and 5b). On the other hand, when considering the kinetic curves (Figures 5c and 5d), the CO2 sorption is significantly faster for the imidazolium-rich PH33-TFSI compared to PH11-TFSI. The better sorption kinetic of the former could be due to its higher content of TFSI ions, which limits water uptake and favour CO2 diffusion in the polymer matrix. As can be seen from the desorption isotherms, similar CO2 retentions under vacuum swing were observed for PH33-TFSI and PH11-TFSI under dry and humid conditions, i.e., about 40 and 75 %, respectively.  PH33-TFSI has thus demonstrated the best CO2 capture performance under humid conditions, combined with the most efficient regeneration properties.  
[image: ]
Figure 5. CO2 sorption isotherms under dry conditions and exposure to 16 mbar of water vapour corresponding to 50% RH at 25 °C before isothermal CO2 loading for samples PH11-TFSI (A) and PH33-TFSI (B). The corresponding kinetic profiles of the isotherms are shown in (C) and (D).

3.8. Reversible cycling test 
Finally, in addition to the uncompromised CO2 capture under humid conditions, durability is another important property of capture materials. In order to evaluate the long-term stability of the bifunctional PH33-TFSI and PH11-TFSI sorbents, CO2 cycling experiments were carried out under sequential CO2 sorption/desorption at 1 bar and 25 °C. As shown in Figure 6, the CO2 uptake capacity of both PHs was mostly maintained after 10 cycles (with some fluctuations, up to 2.2 mmol g-1 for PH11-TFSI), indicating the high chemical stability of the sorption sites in PH33-TFSI and PH11-TFSI samples and the efficient regeneration by temperature and pressure swing desorption. 
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Figure 6. CO2 sorption/desorption cycles for PH33-TFSI and PH11-TFSI via sequential degassing at 100 °C and CO2 sorption at 25 °C and 1 bar.

4. Conclusions
[bookmark: _Hlk98937384]Our study reports the synthesis and CO2 capture behaviour of bifunctional imidazolium/amine polymeric foams. The 3D-interconnected microcellular morphology and bi-functionality of materials were achieved by an innovative and facile one-pot process through a combination of Radziszewski MCR and emulsion-templating radical polymerization. This process allows to fine tune the imidazolium/amine ratio within the matrix. The CO2 capture performances of the bifunctional PH33 and PH11 porous materials were evaluated and compared with their reference materials, i.e. the pure imidazolium PH100 or pure amine PH0, and with bulk nonporous materials. It appears that combining a highly porous morphology with an imidazolium/amine bifunctionality is a solution with clear benefits, ensuring excellent CO2 sorption capacity even in humid environments, excellent CO2/N2 selectivity, fast sorption/desorption kinetics and multi-cycle performance at 0.15 bar. The CO2 uptake of the bifunctional PH33-TFSI (1.8 mmol g-1) and PH11-TFSI (2.2 mmol g-1) largely outperform those of their monofunctional counterparts PH100 and PH0, highlighting the positive synergistic effect of the amine/imidazolium functions for the CO2 capture application. Repeated sorption/desorption cycles proved the long-term stability of both supports as well as their valuable performance for CO2 capture under humid conditions. Compared to PH11-TFSI, the imidazolium-rich PH33-TFSI exhibits a higher CO2/N2 selectivity (i.e. 176 at 15 vol% of CO2 in N2 at 1 bar), a more reversible sorption process as well as a faster sorption of CO2 under humid conditions. Overall, the improvement in CO2 uptake properties is not only due to the amine/imidazolium combination but also to the synergy of the highly porous structure of the polyHIPE foam and the amine/imidazolium chemistry since the bifunctional amine/imidazolium polyHIPE foams exhibits superior CO2 capture performance compared to the bifunctional non-porous materials. Moreover, the CO2 uptake performance of these bifunctional macroporous materials is remarkable given their limited specific surface area. It is also worth noting that this amine/imidazolium synergy goes beyond the scope of polyHIPEs and could be extended to other type of materials involving amines. In summary, our study demonstrates how to design and develop innovative highly porous bifunctional materials that are likely to initiate further combinations of functional groups and applications in sustainable processes, such as thermal energy storage, water remediation, or catalysis to convert CO2 into valuable chemicals. 
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