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Abstract
Amine-containing facilitated transport membranes can have both high permeability and selectivity due to the reversible reaction between CO2 and amino groups for effective carbon capture from flue gas. We have developed an improved method for the synthesis of high-molecular-weight sterically hindered polyvinylamine (PVAm) as the new fixed-site carrier in thin-film composite membranes for CO2 capture. Commercially available PVAm was N-monomethylated into poly-N-methyl-N-vinylamine (PVAm-CH3) using the stepwise reductive amination with a highly polar fluorinated alcohol as the solvent to enhance the equilibrium shift to the formation of the imine intermediate. The method prevented over-alkylation, resulting in the increased yield of the target product. PVAm-CH3 exhibited excellent CO2 facilitation with a CO2 permeability of 445.7 Barrer (1 Barrer = 3.349 x 10–16 mol m m–2 s–1 Pa–1) and a CO2/N2 selectivity of 70.3, which are above the Robeson 2008 upper bound. The PVAm-CH3 solution retained a sufficiently high viscosity after incorporating the aminoacid salt, 2-(1-piperazinyl)ethylamine sarcosinate (PZEA-Sar), as the mobile carrier for the membrane coating on nanoporous polyethersulfone (PES) substrates without any penetration issues. The resultant thin-film composite PVAm-CH3/PZEA-Sar membrane with a thickness of approximately 170 nm exhibited a superior CO2 performance of 1071 GPU (1 GPU = 3.349 x 10–10 mol m–2 s–1 Pa–1) and a CO2/N2 selectivity of 183 at 57°C and a feed gas pressure of 111.64 kPa (1.5 psig). This PVAm-CH3/PZEA-Sar membrane surpassed the latest redefined 2019 CO2/N2 upper bound and outperformed other polymer-based membranes. Density functional theory calculations also demonstrated that PVAm-CH3 showed a stronger preference, relative to PVAm, toward the more efficient bicarbonate pathway. Thus, the steric hindrance effect of PVAm-CH3 enhanced the solubility of CO2 in the polymer matrix and resulted in the higher CO2 permeance.
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Introduction
Membrane-based CO2 capture from flue gas in coal- and/or natural gas-fired power plants is considered to be a potential solution to reduce CO2 emissions due to its inherent advantages, such as high energy efficiency, system compactness, operational simplicity, cost-effectiveness, and environmental friendliness [1,2]. However, conventional polymeric membranes suffer from a trade-off between CO2 permeability and CO2/N2 selectivity [3-5]. The state-of-the-art facilitated transport membranes (FTMs) can circumvent this trade-off constraint [6-9]. FTMs can achieve both high CO2 permeance and CO2/N2 selectivity through the facilitated transport (FT) mechanism [1,7-9].
For CO2 capture, amines are well-known for their reversible reactions with CO2 and are commonly used as the carriers in FTMs [8-26]. The gas transport mechanism through an amine-containing FTM is shown schematically in Fig. 1. CO2 molecules in the feed gas dissolve into the membrane by reacting reversibly with the amines in the membrane to form reaction products. The products are transported across the membrane via two separate routes in a facilitated transport mechanism – in the first, the CO2 molecule “hops” [27] from one covalently bounded amino-group site to subsequent adjacent sites for the fixed-site carrier (a polyamine), and in the second, CO2 reacts with a mobile carrier (an aminoacid salt) that diffuses across the membrane. CO2 is released to the low-pressure permeate side of the membrane when it desorbs from the amino sites, leaving them in the membrane. CO2 can also transport through the membrane via the physical solution-diffusion mechanism, but extremely slowly. On the contrary, N2 is unreactive, and its transport via the solution-diffusion mechanism is extremely slow. Thus, the membrane can have very high CO2/N2 selectivity.
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Fig. 1. Schematic diagram of gas transport mechanisms through an amine-containing facilitated transport membrane.

The selection of amine carriers largely affects the CO2 separation performances of FTMs due to the effects of amine properties on the amine–CO2 reaction chemistry. Typically, CO2 is chemisorbed in the forms of the carbamate ion or the bicarbonate ion through reacting with amine carriers. The former can be formed by following the carbamate pathway, i.e., the zwitterion mechanism [28,29]. For an example of primary amine, the mechanism is illustrated as follows:


As illustrated, an amine can function as a nucleophile to attack CO2 and form a zwitterion, which is then rapidly deprotonated by another free amine to generate a more stable carbamate ion. Overall, two moles of amine are needed to react with one mole of CO2. By comparison, the bicarbonate pathway is more efficient since it only requires one mole of amine to capture one mole of CO2, as shown below:

The carbamate pathway is typically followed by sterically unhindered primary and secondary amines but not by sterically hindered amines. By definition, a sterically hindered amine is either a primary amine in which the amino group is attached to a tertiary carbon or a secondary amine in which the amino group is attached to at least one secondary or tertiary carbon [30,31]. The steric hindrance effect provided by a bulky group attached to the nitrogen site reduces the stability of the carbamate product. Therefore, a sterically hindered amine follows the more efficient bicarbonate pathway, and its incorporation in FTMs potentially enhances the facilitated transport of CO2 and leads to increased CO2 permeance and CO2/N2 selectivity.
Sterically hindered small-molecule amines have been studied extensively in aqueous amine solutions for acid-gas absorption, e.g., 2-amino-2-methyl-1-propanol (AMP) [30,32] and 2-piperidineethanol (PE) [30], and in FTMs as mobile carriers, e.g., potassium salt of 2-aminoisobutyric acid (AIBA-K) [12,15,33,34]. Inspired by these studies, polyamines, i.e., polyallylamine (PAA) and polyvinylamine (PVAm), were also converted to their corresponding sterically hindered polyamines using the SN2 substitution reaction with alkyl halide for improved CO2 separation performances [15,16,24]. Among these hindered polyamines, poly(N-methyl-N-vinylamine) (PVAm-CH3) with the highest amine density is considered to be the most promising candidate as the new fixed-site carrier for FTMs. 
In this work, we report an improved method for the synthesis of PVAm-CH3. In this method, PVAm was N-monomethylated by the stepwise reductive amination (SRA) of paraformaldehyde (PFA) with sodium borohydride (NaBH4) in hexafluoroisopropanol (HFIP). The reaction conditions were optimized to yield the highest N-methylation degree. The steric hindrance effect of PVAm-CH3 was investigated for both PVAm-CH3 membranes and blended membranes using PVAm-CH3 as the fixed-site carrier with 2-(1-piperazinyl)ethylamine sarcosinate (PEZA-Sar) as the mobile carrier. In addition, density functional theory (DFT) calculations were performed to study the amine–CO2 reaction chemistry. 

Experimental
Materials
Formaldehyde (37 wt.% in water), 2-(1-piperazinyl)ethylamine (PZEA; 99%), deuterium oxide (99.9 atom% D) were purchased from Sigma-Aldrich (St. Louis, MO). Paraformaldehyde (97%, Beantown Chemical), hexafluoroisopropanol (HFIP; 99.5%, Oakwood Chemical), 2,2,2-trifluoroethanol (TFE; 99%, Beantown Chemical), and sodium borohydride (NaBH4; 95%, Tokyo Chemical Industry) were bought from VWR International (Radnor, PA). Sarcosine (Sar; 98%, Acros Organics), methanol (99.8%, Fisher Scientific), ethanol (200 Proof, Decon Laboratories), acetone (99.5%, Fisher Scientific), and hydrochloric acid (36.5 to 38.0%, Fisher Scientific) were acquired from Fisher Scientific Inc. (Pittsburgh, PA). Purolite® A600OH polystyrene gel, Type I strong base anion resin in hydroxide form, was donated by Purolite Corporation (King of Prussia, PA). All chemicals were used as received without any further purification.
The PVAm, purified from commercial high MW poly(N-vinylformamide-co-vinylamine), Polymin® VX donated by BASF (Vandalia, IL), by following the procedures described elsewhere [35], was used for the synthesis of PVAm-CH3 in this work. For membrane preparation, the nanoporous polyethersulfone (PES) support (porosity = 13.4, mean pore diameter = 38.7 nm, and thickness = 30 µm) was fabricated as described in a previous study [36], and the nanoporous polysulfone (PSf) support (porosity = 7, mean pore diameter = 9 nm, and thickness = 55 µm) was purchased from Microdyn-Nadir US Inc. (Goleta, CA). Deionized water was obtained from a house supply producing Milli-Q quality water. For gas permeation measurements, pre-purified CO2 and argon were bought from Praxair Inc. (Danbury, CT). Nitrogen gas with a purity ≥99.99% was used. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Synthesis of PVAm-CH3
The purified PVAm was hydrolyzed using hydrochloric acid at 80°C for 5 h to an amine/amide mole ratio of ca. 90/10, followed by precipitation in ethanol and drying in a vacuum oven at 50°C overnight. The obtained polymer was dissolved in water and then ion-exchanged by the strong base resin of Purolite® A600OH to a solution of pH 11–12. 
The hydrolyzed PVAm was used for the synthesis of PVAm-CH3 using stepwise reductive amination (SRA), as shown in Fig. 2. The SRA synthesis procedures, consisting of two steps: (1) imine formation followed by protonation to form iminium and (2) iminium reduction, were used and described for small-molecule amines in the literature [37,38]. In the first step, the primary amine reacted with the carbonyl group of formaldehyde from the depolymerized PFA by dry heating to form an imine through dehydration. Under the acidic reaction condition in HFIP, the imine was then protonated to form an iminium ion. In the second step, the iminium ion was subsequently reduced by the reducing agent, sodium borohydride (NaBH4), to the methylated amine. NaBH4 was reported as an efficient, reducing agent to produce secondary amines in high yields in one-pot reactions [39,40].
[image: ]
Fig. 2. Synthesis of poly-N-methyl-N-vinylamine (PVAm-CH3) using stepwise reductive amination (SRA).

[bookmark: _Hlk89463555]As an example, the following procedures were used to synthesize the PVAm-CH3 with an N-methylation degree of 39%. The obtained hydrolyzed PVAm solution was first dried under mild nitrogen purging to remove the majority of water and then further dried in a vacuum oven at room temperature (r.t.) overnight. The dried polymer was dissolved in HFIP at 50°C with a water reflux overnight and then cooled to r.t. Subsequently, the stoichiometric amount of paraformaldehyde was added, and the solution was heated at 45°C for 20 h. Based on the NMR results, 20 h was sufficiently long to reach the highest N-methylation degree (MD) under the reaction conditions used, which also suggested that the imine formation have reached equilibrium. Since an equilibrium was reached at 20 h, we did not expect the MD to be affected by further extending the reaction time. However, with a shorter than 20 reaction time, the MD was lower. The solution was cooled to 15°C in an ice bath and carefully treated with excess NaBH4 (2.0 eq.), and it was then allowed to stir overnight to r.t. After the reaction mixture was quenched with 3M HCl (aq.) to a pH value of 2, the mixture was pulled into acetone, and the precipitated polymer was re-dissolved in water. The precipitation was repeated twice to remove most of the impurities and salts. The resulting polymer solution was heated at 65°C and purged by nitrogen for 10 min to remove trace HFIP residual. The solution was then allowed to cool to r.t. and poured into acetone to precipitate the polymer. The polymer was dried in the vacuum oven at 50°C overnight and then was dissolved in water to form a 3 wt.% solution. The solution was dialyzed exhaustively using a 12–14 kDa dialysis membrane to remove any residual impurities and finally treated by the aforementioned strong base anion-exchange procedure to pH 11–12.

Characterization
1H NMR spectra were recorded using a Bruker Avance III 400MHz spectrometer (Bruker Corporation, Billerica, MA) at 25°C with the H2O resonance (δ = 4.79 ppm) as an internal reference. NMR samples were prepared by dissolving respective PVAm and PVAm-CH3 in D2O at the concentration of 1 wt.%. A Nicolet 470 Fourier transform infrared (FT-IR) spectrometer (Thermo Fisher Scientific Co., Waltham, MA) was employed to collect attenuated total reflectance (ATR) spectra, which were then analyzed using the OMNIC software. The polymer film samples were prepared by drying the respective polyamine solutions in the fume hood and then in a vacuum oven at 40°C overnight. The ATR zinc selenide (ZnSe) crystal was cleaned with 70% 2-propanol pre-moistened clean wipes, and a background scan was performed between samples. The molecular weight of the synthesized PVAm-CH3 was determined using multi-angle light scattering (MALS) with a BI-200SM Research Goniometer System (Brookhaven Instruments Corporation, Holtsville, NY). The measurement series consisted of seven aqueous PVAm-CH3 solutions with the concentrations ranging from 0.05 to 0.35 wt.%. The measurements were carried out at a laser wavelength of 637 nm and detection angles ranging from 30° to 100°. The refractive index increment (dn/dc) value for each polymer was determined using a deflection type refractometer BI-DNDC (Brookhaven Instruments, Holtsville, NY, USA). The average dn/dc values of PVAm-CH3 and PVAm samples were 0.220 and 0.189 (mL/g), respectively. The obtained dn/dc values were used as inputs for the BI-200SM Research Goniometer System for the MALS measurements. The viscosity of 2 wt.% PVAm-CH3 solution was measured using a Brookfield DV-E Viscometer (Brookfield Engineering Laboratories Inc., Middleboro, MA) at r.t. The thickness of the membrane selective layer was determined and analyzed by scanning electron microscopy (SEM) with the FEI Apreo LoVac High Resolution instrument (Thermo Fisher Scientific Inc., Waltham, MA) and ImageJ software, respectively. The cross-section samples were prepared by freeze fracturing the membrane with liquid nitrogen. The composite membrane was cut into a small strip and then immersed in liquid nitrogen for 3–4 min. After being removed from liquid nitrogen, the brittle selective layer was fractured deliberately at a low temperature.

Membrane synthesis and transport measurements
The coating solution for the preparation of the membrane selective layer was obtained by using an aqueous PVAm-CH3 (or PVAm) solution for fixed-site carrier membranes or blending calculated amounts of aqueous PVAm-CH3 and PZEA-Sar solutions for membranes with the mobile carrier. The PVAm-CH3 solution was first concentrated by nitrogen purging to ensure a sufficient viscosity of ca. 1400 cP. The PZEA-Sar solution (at 34 wt.%) was prepared by mixing the stoichiometric amount of sarcosine with a PZEA solution (at 24 wt.%). The PZEA-Sar solution was added to the prepared PVAm-CH3 solution under agitation to achieve a homogeneous solution. The thickness of the substrate was measured by a Mitutoyo electronic indicator Model 543-252B (Mitutoyo America Corp, Aurora, IL, USA) with an accuracy of 0.5 μm. Before the coating, a nanoporous PES or PSf substrate was taped on polished glass plate. The prepared coating solution was then coated onto the substrate using a GARDCO film applicator (Paul N. Gardner Company, Pompano Beach, FL) with a proper gap setting according to the substrate thickness measured. The prepared thin-film composite membrane was transferred immediately to a fume hood and dried at r.t. overnight before testing. The set-up of the gas permeation unit for membrane transport measurements is shown along with a description of the transport measurement in Section II, Fig. S1 in the Supporting Information (SI). The stage cut was kept below 2% using the experimental setup. Hence, the obtained CO2/N2 ideal selectivity should sufficiently approach the CO2/N2 separation factor and represent the membrane transport performance.
CO2 permeance and CO2/N2 selectivity were determined from membrane transport measurements. CO2 permeance and CO2/N2 ideal selectivity of the membrane are defined in Eqs. (4) and (5) as follows [1]:


where PCO2 is CO2 permeability;  is the thickness of the membrane selective layer; CO2 is the steady-state CO2 molar flux through the membrane; ∆pCO2 is the driving force of CO2 permeation across the membrane, which can be calculated using the log-mean method in Eq. (6) [35]:

where ∆pCO2,in and ∆pCO2,out are CO2 partial pressure differences across the membrane at the feed inlet and the retentate outlet, respectively. The CO2 permeance is expressed in terms of the gas permeation unit (GPU, 1 GPU = 10–6 cm3 (STP) cm–2 s–1 cmHg–1 = 3.349 × 10–10 mol m–2 s–1 Pa–1). The common unit of the CO2 permeability is Barrer (1 Barrer = 10–10 cm3 (STP) cm cm–2 s–1 cmHg–1 = 3.349 × 10–16 mol m m–2 s–1 Pa–1).

Theoretical
Density functional theory calculations for amine–CO2 chemistry
DFT calculations using a combination of the Becke three-parameter Lee-Yang-Parr (B3LYP) functional and the 6-311++G(d,p) basis set [41] were conducted to study the amine–CO2 reaction chemistry. The reactants, complexes, transition-state (TS) structures, and products following a reaction pathway, i.e., the carbamate or bicarbonate pathway, were firstly geometrically optimized to identify corresponding energetically favorable conformations. A frequency analysis was then performed to confirm the absence of imaginary (i.e., negative) frequency in order to ensure that the optimized conformation was at an energy minimum for each of the reactants, complexes, and products. The TS structures, on the other hand, were optimized until only one imaginary frequency was found. In the aforementioned calculations, the integral equation formalism polarizable continuum model (IEFPCM) [42] with Pauling radii was employed to account for the water solvation effect. All DFT calculations were carried out using the Gaussian 16 software [43]. 

Results and discussion
Synthesis of poly(N-methyl-N-vinylamine) (PVAm-CH3)
PVAm has the highest content of primary amine groups of any polymers, and it can be conveniently obtained by hydrolyzing the amide groups of poly(N-vinylformamide) [44]. Therefore, in this work, the purified high molecular weight (MW) copolymer, poly(N-vinylformamide-co-vinylamine), from its commercial source, Polymin® VX, was employed for the synthesis of PVAm-CH3. It is favorable to use this copolymer because of its extremely long polymer chain (MW of ca. 2000 kDa) and outstanding elongation property. The synthesized PVAm-CH3, which can retain sufficient viscosity to prevent penetration [23], is a necessity to a successful and controllable membrane coating of thin-film composite membranes. 

In the SRA synthesis of PVAm-CH3, imine formation (see Fig. 2) is a reversible reaction and requires a longer reaction time, especially in PVAm, which has a slight steric hindrance from the polymer backbone. Therefore, the longer reaction time, 20 h, was used here. We revealed the vital role of HFIP in the imine formation, as shown in Fig. 3 (a) and (b). Due to the introduction of electronegative fluorine atoms, HFIP is highly polar (Fig. 3 (a)) and serves as a strong hydrogen bond donor with an amine (Fig. 3 (b)) [45,46]. Because of these properties, we found that HFIP was one of the few solvents which can dissolve the high MW PVAm besides water. In the SRA, HFIP provided a favorable anhydrous environment for the equilibrium shift to the formation of the intermediate imine through dehydration, which resulted in a higher N-methylation degree for PVAm-CH3. HFIP also possesses a dramatically reduced nucleophilicity, which makes it an ideal solvent in this N-methylation. 
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Fig. 3. Schematic diagrams of (a) highly polarizable hexafluoroisopropanol (HFIP) and (b) the strong hydrogen bonding of HFIP with an amine.

In order to increase the facilitated CO2 transport in the synthesized PVAm-CH3, the N-methylation degree was maximized by optimizing several parameters, including reaction temperature, types of methylating agents and solvents, and PVAm concentration. The results are summarized in Table 1. The first step of the SRA, imine formation, is an exothermic and reversible reaction. However, when paraformaldehyde (PFA) was used as the methylating agent, 45°C was the lowest temperature to depolymerize PFA to formaldehyde completely. Therefore, 45°C was determined to be the optimal reaction temperature (Entries 1–4 in Table 1).


Table 1. Synthesis conditions and the resulting N-methylation degrees of PVAm-CH3.
	Entry
	Temperature
(C)
	Methylating
Agent(a)
	Solvent
	PVAm 
Concentration (wt.%)
	N-methylation(b)
Degree

	1
	25
	PFA
	HFIP
	1.0
	N/A

	2
	40
	PFA
	HFIP
	1.0
	31

	3
	45
	PFA
	HFIP
	1.0
	33

	4
	55
	PFA
	HFIP
	1.0
	30

	5
	45
	Formalin(c), (d)
	HFIP
	1.0
	18

	6
	45
	PFA
	HFIP
	1.0
	33

	7
	25
	Formalin
	HFIP
	2.0
	20

	8
	45
	PFA
	HFIP
	2.0
	39

	9
	45
	PFA
	HFIP
	1.0
	33

	10
	65
	PFA
	TFE
	1.0
	26

	11
	55
	PFA
	HFIP/MeOH = 50/50
	1.0
	9

	12
	55
	PFA
	HFIP/water = 95/5
	1.0
	18

	13
	45
	PFA
	HFIP
	1.0
	33

	14
	45
	PFA
	HFIP
	2.0
	39

	15
	45
	PFA
	HFIP
	3.0
	30


1 equivalent methylating agent was used unless otherwise specified.
N-methylation degree was determined by 1H NMR characterization.
Formalin used was a formaldehyde solution of 37 wt.% in H2O with 10–15% methanol as a stabilizer.
1.2 equivalent of formalin was used.

[bookmark: _Hlk89459376]For the choice of the methylating agent, the MD largely reduced when formalin was used compared to PFA (Entries 5–8 in Table 1). This can be explained in the following.  In the step of imine formation shown in Fig. 2, an intermediate imine group was formed through the dehydration reaction between formaldehyde and amine. When formalin, a formaldehyde solution of 37 wt.% in H2O, was used as the methylating agent, the introduced water should shift the equilibrium to the side of the reactants, resulting in lowering the formation of the N-methylated amine groups, i.e., the lower MD. Different solvents were used at temperatures from 45°C to 65°C, and HFIP at 45°C showed a better N-methylation result than other protic solvents, i.e., 2,2,2-trifluoroethanol (TFE) and MeOH. The better result might be attributed to the preferable solvation ability of HIFP to the hydrolyzed PVAm. HFIP could fully dissolve the hydrolyzed PVAm at a lower temperature (i.e., 45°C) than other solvents, which might be advantageous for the first-step exothermic imine formation, resulting in a higher imine intermediate concentration for the subsequent reduction (Entries 9–12 in Table 1). 
The N-methylation degree was observed to increase with increasing PVAm concentration in HFIP. However, as the concentration was raised to 3 wt.%, the much-increased viscosity of the PVAm solution impeded the reaction progress (Entries 13–15 in Table 1). In summary, the optimal reaction condition was 2 wt.% PVAm solution in HFIP with an equivalent amount of paraformaldehyde at 45°C, which gave the highest N-methylation degree of 39%.

1H NMR spectroscopy for hydrolysis and methylation degrees
The hydrolysis degree of PVAm and the N-methylation degree of PVAm-CH3 synthesized by SRA were determined by proton nuclear magnetic resonance spectroscopy (1H NMR). Fig. 4 (a) and (b) show the 1H NMR spectra of the purified PVAm and the hydrolyzed PVAm, respectively. 
[image: Diagram

Description automatically generated]Fig. 4. Characterization of PVAm-CH3 and PVAm-CH3 membranes. 1H NMR spectra of (a) purified PVAm, (b) hydrolyzed PVAm, (c) PVAm-CH3 by SN2, and (d) PVAm-CH3 by SRA. (e) FTIR spectra of the purified PVAm, hydrolyzed PVAm, and PVAm-CH3 by SRA. (f) Viscosities and molecular weights of the purified PVAm and PVAm-CH3. 

The chemical shift of the amide protons is at 7.6–8.5 ppm, and that of the methylene (–CH2–) protons is at 1.2–2.6 ppm. After the acid hydrolysis, most of the amide groups were converted into the primary amine groups. The results shown in Fig. 4 (a) and (b) were consistent with the spectra reported in the study of Gu et al. [47]. The degree of hydrolysis (DOH) can be calculated by Eq. (7): 

Fig. 4 (c) shows the spectrum of PVAm-CH3 synthesized by the SN2 substitution reaction with methyl iodide reported in a previous study in our group [24]. Compared to Fig. 4 (b), the three additional peaks at 3.6 ppm, 3.0 ppm, and 2.9 ppm can be assigned to the methyl protons (–CH3) on quaternary ammonium protons (–N+(CH3)3–), tertiary amino protons (–N(CH3)2–), and secondary amino protons (–NH(CH3)–), respectively. The side products of quaternary ammonium and tertiary amino groups were due to the overalkylation when methyl iodide was used as the nucleophile. Fig. 4 (d) depicts the spectrum of PVAm-CH3 synthesized by SRA at the optimal condition. The large and sharp peak at 2.9 ppm was assigned to the methyl protons (–CH3) of secondary amino protons (–NH(CH3)–). The result was consistent with the spectrum reported by Kim et al. [48]. The N-methylation degree (MD) is defined as the molar percentage of the N-methylated amino groups to the vinyl repeating units, which is calculated by Eq. (8) as follows:


FTIR Spectroscopy characterization
FTIR characterization was carried out to verify the modification of the purified PVAm to PVAm-CH3. Fig. 4 (e) shows the spectrum of the purified PVAm with 14% DOH, which is similar to the result previously reported [22]. As shown, the strong and broad absorption band between 3500 cm–1 and 3100 cm–1 was assigned to the N–H stretching vibration of primary amine groups and amide groups. The peak between 2950 cm–1 and 2850 cm–1 was due to the C–H stretching vibration of the saturated aliphatic fragments. The strong peak at 1650 cm–1 was attributed to the stretching vibration of the C=O bond in amide groups. The peak at 1540 cm–1 was associated with the bending vibration of the N–H bond of the primary amine groups. The peak at 755 cm–1 was assigned to the N–H out-of-plane bending vibration of primary amine groups. For PVAm with 90% DOH, most of amide groups were acid-hydrolyzed to primary amine groups, which resulted in the much weaker peak of the C=O bond stretching vibration at 1540 cm–1. For PVAm-CH3 by SRA, the C–H stretching peak at 2925 cm–1 was strong because of methyl groups attached to the primary groups. Due to the partial conversion of primary amine groups to secondary amine groups, there was a weaker bending vibration of the N–H bond at 1555 cm–1. The medium absorption at 1100 cm–1 should be assigned to the C–N stretching vibration of the secondary aliphatic amines. The peak at 765 cm–1 was assigned to the N–H out-of-plane bending vibration of primary and secondary amine groups [49].

Molecular weight and viscosity measurements
The weight-average MW (MW) of the PVAm-CH3 synthesized by SRA and that of the PVAm purified from BASF Polymin® VX were determined by the multi-angle light scattering (MALS). MALS is a well-established technique to determine the MW of macromolecules, especially for high and ultra-high MW polymers [50-52]. For the random coil polymers such as PVAm-CH3 and PVAm, the Berry method was used for extrapolation [52]. The determined MWs are shown and compared in Fig. 4 (f). The MW of PVAm-CH3 (N-vinylamine / N-methyl-N-vinylamine / N-vinylformamide = 51/39/10) was ca. 1700 kDa, which was slightly lower than that of the purified PVAm, ca. 2000 kDa (molar ratio of N-vinylamine / N-vinylformamide = 14/86). The results suggested that while the MW of the polyamine changed during acid hydrolysis, SRA, and purification, the number of the vinyl repeating units of the polyamine remained almost the same by considering the repeating unit of N-vinylformamide with a higher MW than that of N-methyl-N-vinylamine. 
Also shown in this figure, the viscosity of 2 wt.% PVAm-CH3 aqueous solution measured using a Brookfield DV-E Viscometer (Brookfield Engineering Laboratories Inc., Middleboro, MA) at r.t. was 26.8 cP, which was much lower than 53.6 cP for the PVAm counterpart. Since the chain lengths of these two polyamines did not have a significant difference, the reduced shear viscosity should be mainly due to the weaker secondary interaction between PVAm-CH3 and water molecules. That is, the secondary amine is a less effective hydrogen bond former than the primary amine. In the preparation of thin-film composite membranes, the PVAm-CH3 served not only as the fixed-site carrier but also as the polymer matrix to provide the mechanical strength of the membrane selective layer. However, PVAm-CH3 possessed sufficiently high viscosity for the coating solution after incorporating the mobile carrier. No obvious penetration of the coating solution into the pores of the PES substrate was observed.

Thin-film composite membrane morphology and thickness
The morphology of thin-film composite membranes was visually observed using a high-resolution scanning electron microscopy (SEM). Fig. 5 (a) and (b) show the cross-sections of the prepared membranes with the compositions of PVAm-CH3/PEZA-Sar at 35/65 and 15/85 by weight (by wt.), respectively. Both figures exhibited that the distinguishable selective layers of PVAm-CH3/PEZA-Sar well adhered onto their respective nanoporous PES support layers. The selective layers prepared with different compositions were confirmed with a thickness of ca. 170 nm. 

Fig. 5. SEM images of cross-sections of thin-film composite membranes of (a) PVAm-CH3/PEZA-Sar = 35/65 by wt. with ca. 170 nm, (b) PVAm-CH3/PEZA-Sar = 15/85 by wt. with ca. 170 nm.

Superior CO2 separation performance demonstrated by the PVAm-CH3 fixed-site carrier membrane
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]PVAm-CH3 synthesized by SRA was used to prepare the fixed-site carrier facilitated transport membrane. In order to investigate the CO2 facilitation effect of the sterically hindered PVAm-CH3, no additional mobile carrier was incorporated during the membrane preparation. The membrane was synthesized by coating an aqueous PVAm-CH3 solution on a commercial polysulfone substrate. After coating and overnight drying, the composite membrane was obtained for testing. The average thickness of the membrane was 3.5 ± 0.3 μm. Similarly, a PVAm fixed-site carrier membrane was also synthesized. All the membranes were tested at the typical flue gas temperature of 57°C using a feed gas, consisting of 20% CO2 and 80% N2 on dry basis, which was saturated with water vapor to simulate the typical flue gas at the pressure of 111.64 kPa (1.5 psig). The partial pressure of water vapor was considered in both the feed stream and permeate stream in the calculation of CO2 partial pressure. 
Fig. 6 compares the CO2/N2 separation performances of the PVAm-CH3 and PVAm membranes in this work with other published fixed-site carrier membranes [24,53-55] in the Robeson 2008 upper bound [4] and redefined 2019 upper bound [56] plots. The PVAm-CH3 (SRA) showed a CO2 permeability of 445.7 Barrer and CO2/N2 selectivity of 70.3, which were 27% and 36%, respectively, higher than those of the hydrolyzed PVAm from this work at 57oC. Due to the addition of a methyl group to the amine group, PVAm-CH3 has a higher preference for the formation of bicarbonate than carbamate. The sterically hindered PVAm-CH3 thus has an elevated CO2 loading capacity for an improved performance because of the 1:1 stoichiometry in the reaction with CO2 in the presence of water to form bicarbonate. Moreover, the intermediate-to-low CO2 binding energy of the sterically hindered amine enables the formation of the less stable carbamate intermediate and leads to a faster CO2 desorption/diffusion process of membrane separation [57]. Notably, under the same testing condition, the PVAm-CH3 (SRA) showed dramatic 108% and 69% enhancements in CO2 permeability along with increases of 45% and 29% in CO2/N2 selectivity on average compared to the previously reported PVAm and PVAm-CH3 (SN2) [24], respectively.


Fig. 6. Comparison of PVAm-CH3 in this work with recently reported amine-containing fixed-site carriers [24,53-55] for CO2/N2 separation in the Robeson 2008 upper bound [4] and redefined 2019 upper bound [56] plots. Details of the related data can be found in Table S1 in the SI.

The remarkably improved separation performance can be explained by the well-controlled synthesis of PVAm-CH3 by the SRA method using the purified PVAm as the starting material in the N-monomethylation. The SRA method, as described before, could prevent the formation of tertiary amino and quaternary ammonium groups, the by-products of the SN2 substitution reaction. In amine–CO2 reaction, tertiary amines have a high theoretical CO2 capacity of one mole CO2 per mole of amine by following the bicarbonate pathway. However, the low CO2 absorption rate of tertiary amines make them less efficient as carrier than primary or secondary amines [58]. In addition to the aforementioned slow CO2 absorption rate, quaternary ammonium compounds have the irreversible desorption of CO2 at low temperatures due to their strong affinity to CO2 [59]. In addition, the excellent membrane-forming ability of PVAm-CH3 due to its high MW could also contribute to improved membrane performance. 
Fig. 6 also compares the CO2/N2 selectivity and CO2 permeability of PVAm-CH3 (SRA) obtained in the present work with those of other high MW polyamines in the literature, including polyallylamine (PAA) [53], polyvinylamine (PVAm) [54], and polyethylenimine (PEI) [55], as the fixed-site-carrier membranes. The operating conditions for measuring the gas transport properties of the polyamines are listed in Table S1. The PVAm-CH3 (SRA) is the best sterically hindered polyamine membrane reported to date and surpassed both the Robeson 2008 upper bound [4] and the redefined 2019 upper bound [56] for CO2/N2 separation. It should be noted that the PVAm used in this work and our group earlier [24] exhibited higher selectivity than that reported in the literature [54], presumably due to the case that the former had higher MW than the later.

High CO2 separation performances demonstrated by PVAm-CH3-containing membranes with a mobile carrier
[bookmark: _Hlk89468106]As aforementioned, PVAm-CH3 (SRA) presented a high-performance fixed-site carrier in the class of polyamines for CO2-selective facilitated transport membranes. Thin-film composite membranes containing PVAm-CH3 as the fixed-site carrier and PZEA-Sar as the mobile carrier were synthesized for further improved CO2/N2 separation performance. All the selective layers were coated with an average thickness of ca. 170 nm on the PES support prepared in-house [36]. The homemade nanoporous PES substrate has suitable interfacial property and surface morphology, which were improved by incorporating a small amount of hydrophilic additives [36]. Therefore, the much thinner selective layer ~170 nm containing hydrophilic PVAm or PVAm-CH3 could be easily coated on top of the improved PES substrates due to the enhanced hydrophilicity. The thicker selective layer ~3.5 µm could be coated easily on the PSf support that did not contribute a significant mass transfer resistance to the overall composite membrane resistance dominated mainly by the thicker selective layer. The aminoacid salt was completely miscible to PVAm/PVAm-CH3 even at a high aminoacid salt loading. This should be explained by the case that these polymers could form hydrogen bonds with the aminoacid salt [8]. The membranes were tested at the same conditions described earlier. PZEA-Sar was chosen as the mobile carrier because it can contribute a better transport performance compared to other aminoacid salts, including piperazine glycinate and 2-(1-piperazinyl)ethylamine glycinate [35]. 
[bookmark: _Hlk89469712]Fig. 7 compares the gas permeation performances of PVAm-CH3 and hydrolyzed PVAm membranes containing two different contents of PZEA-Sar, 65 wt.% and 85 wt.%. In the membranes, an enhanced separation performance with increasing PZEA-Sar content was observed. This was likely attributed to the fast reaction rate between the less sterically hindered PZEA-Sar and CO2 and the inherent mobility of PZEA-Sar, which was much higher than that of PVAm-CH3 [60]. With 65 wt.% PZEA-Sar, its membrane of PVAm-CH3 (MD = 33%) exhibited a CO2 permeance of 880 GPU and a CO2/N2 selectivity of 164 while that of PVAm-CH3 (MD =39%) demonstrated a CO2 permeance of 925 GPU and a CO2/N2 selectivity of 166. The results showed that the CO2 permeance increased with increasing N-methylation degree of PVAm-CH3 from 33% to 39%. With 85 wt.% PZEA-Sar, its membrane of PVAm-CH3 (MD = 39%) yielded a further enhanced CO2 permeance of 1071 GPU and a CO2/N2 selectivity of 183. Overall, PVAm-CH3 (MD = 39%) showed about 30% and 20% improvements in CO2 permeance and CO2/N2 selectivity, respectively, compared to the hydrolyzed PVAm, which showed a CO2 permeance of 823 GPU and a CO2/N2 selectivity of 148. The significantly improved membrane performances can also be explained by the steric hindrance effect of PVAm-CH3 as described above. 

Fig. 7. Comparison of PVAm-CH3 and hydrolyzed PVAm thin-film composite membranes containing two different contents of the PZEA-Sar mobile carrier at 57°C. Membrane compositions by wt.: (A) hydrolyzed PVAm/PZEA-Sar = 35/65; (B) PVAm-CH3 (MD = 33%)/PZEA-Sar = 35/65; (C) PVAm-CH3 (MD = 39%)/PZEA-Sar = 35/65; (D) hydrolyzed PVAm/PZEA-Sar = 15/85; (E) PVAm-CH3 (MD = 39%)/PZEA-Sar = 15/85. Multiple measurements were done for the transport performance of the thin-film membranes of each composition. The error bars were the standard errors.

All membranes exhibited stable performances for at least 24 h at 57°C. We believe that the good stability of the thin-film PVAm-CH3 membrane could be expected because of the prior successful field test in which PVAm/PZEA-Sar (15/85 by wt.) membrane SW modules demonstrated consistent and stable performance. One of those modules was tested for 500 h under actual flue gas conditions at the National Carbon Capture Center (NCCC) in Wilsonville [61]. Leaching or evaporation of PZEA-Sar was not observed.

Comparison with other membranes in literature
As discussed above, our optimized PVAm-CH3 (MD = 39%)/PZEA-Sar = 15/85 membrane (see E in Fig. 7) showed an excellent CO2/N2 separation performance. In order to compare the transport properties of this membrane with other polymer-based membrane materials in upper bound plots, a membrane with the same composition but at a greater average selective layer thickness of 3.5 ± 0.3 μm was prepared on PSf substrate. The reason to prepare the thicker membrane instead of directly deriving the permeability from the product of the CO2 permeance and the membrane thickness is in the following. It has been reported that the gas permeation properties of FTMs are dependent on the membrane thickness due to the intrinsic feature of the facilitated transport mechanism and the resulting influence of the Damköhler number on the facilitation factor [62]. This was also confirmed by a significant increase in selectivity at a larger thickness. Therefore, the membrane with a greater selective layer thickness can serve as a better basis to compare with those reported in the literature that had a similar thickness. In addition, to avoid the resistances imposed by the lateral diffusion and the Knudsen diffusion, we opted for using the much thicker membrane that allows us to better probe the intrinsic performance of the membrane. Furthermore, this can decrease the influence of the mass transfer resistances due to the interfacial reactions involved. 
The prepared membrane was tested at the same conditions described earlier. The gas permeation properties of CO2 permeability and CO2/N2 selectivity of the PVAm-CH3/PZEA-Sar membrane are presented in Fig. 8 for comparison with recently reported polyamine materials [24,53-55], polymer-based materials including poly(ethylene glycol) based polymers [63-68], polymers of intrinsic microporosity [69-74], thermally rearranged polymers [75-80], mixed matrix materials [81-86] for CO2/N2 separation in the Robeson 2008 upper bound [4] and the redefined 2019 upper bound [56] plots. 

Fig. 8. Comparison of PVAm-CH3 (MD = 39%) and PVAm-CH3 (MD = 39%)/PZEA-Sar = 15/85 with other state-of-the-art materials for CO2/N2 separation, including amine-containing fixed-site carriers (FSC) (☆), poly(ethylene glycol) (PEO) based polymers (△), polymers of intrinsic microporosity (PIM) (○), thermally rearranged (TR) polymers (□), and mixed-matrix materials (MMM) (♢) in the Robeson 2008 upper bound [4] and refined 2019 upper bound [56] plots [24,53-55,63-86]. Details of the related data can be found in Tables S1–S5 in the SI.

As clearly shown in this figure, significant enhancements in both CO2 permeability and CO2/N2 selectivity were achieved by incorporating PEZA-Sar as the mobile carrier into the membrane of PVAm-CH3 (MD = 39%). The membrane showed a superior performance of 1450 Barrer in CO2 permeability and 246 in CO2/N2 selectivity, which surpassed the latest redefined 2019 CO2/N2 upper bound and outperformed other polymer-based membrane materials. Our present work also showed that the PVAm-CH3/PZEA-Sar membrane worked effectively at the typical flue gas temperature of 57°C for the post-combustion CO2 capture while the other membranes in the comparison usually operated at a relatively lower temperature between 20–35°C in order to have a selectivity high enough for separation. 

Density functional theory (DFT) calculations for amine–CO2 chemistry
As mentioned above, sterically hindered amines are anticipated to preferentially follow the bicarbonate pathway and consequently result in a higher CO2 loading capacity. In this study, by employing DFT calculations, the reaction pathway preferences were further quantified for the reactive repeating units, VAm and VAm-CH3, to correlate and explain the separation performances observed in the PVAm-CH3-containing membranes. As discussed in a previous study by some of us, the reaction chemistry of the VAm repeating units was sufficiently represented using the structurally similar ethylamine molecule [60]. Similarly, in this study, the VAm-CH3 repeating units were modeled using the N-methylethanamine molecule. Specifically, the relative electronic energy with respect to the reactants (i.e., ∆E = E – EReactants) at each stage of the reaction was computed using DFT. The results are summarized in Fig. 9. As shown in Fig. 9 (a), VAm-CH3 exhibited a higher ∆E value for the product following the carbamate pathway as compared to VAm, suggesting the lower stability of the VAm-CH3 carbamate product.



Fig. 9. DFT-computed relative electronic energies (∆E, with respect to Reactants) of VAm and VAm-CH3 for their amine–CO2 reactions following the (a) carbamate pathway and (b) bicarbonate pathway. The molecular illustrations of structures can be found in Section III, Fig. S2 in the SI.

This lowered stability stemmed from the additional methyl substitution on the active N that effectively increased the degree of steric hindrance. This effect was also evidenced by the higher energy barrier of VAm-CH3 between TS2 and Complex 2 following the carbamate pathway, where the proton was transferred from the N of zwitterion to the N of the free amine. On the other hand, these two fixed-site carriers behaved similarly following the bicarbonate pathway, as illustrated in Fig. 9 (b), with the VAm-CH3–CO2 reaction product being slightly more stable. Between the two pathways, VAm clearly preferred the carbamate pathway as suggested by the higher stability (i.e., lower ∆E value of the product), while VAm-CH3 showed a preference for the more efficient bicarbonate pathway owing to the reduced stability of its carbamate product. This superior reaction chemistry of VAm-CH3 granted its improved CO2 loading capacity, contributing to the higher CO2 permeances of the FTMs incorporated with PVAm-CH3, which were discussed above. 

Conclusions
High MW sterically hindered poly-N-methyl-N-vinylamine (PVAm-CH3) was successfully synthesized using the stepwise reductive amination. This improved synthesis method prevented the formation of by-products resulting from over-alkylation. The reaction conditions, including reaction temperature, types of methylating agents and solvents, and PVAm solution concentration, were optimized to increase the N-methylation degree. PVAm-CH3 exhibited excellent CO2 facilitation with a CO2 permeability of 445.7 Barrer and a CO2/N2 selectivity of 70.3, which are above both the Robeson 2008 and redefined 2019 upper bounds. The improved performance of PVAm-CH3 was attributed to its preference to the more efficient bicarbonate formation pathway, as illustrated using DFT calculations. 
This work also presented a successful demonstration of thin-film composite membranes synthesized using the sterically hindered PVAm-CH3 as the fixed-site carrier and an aminoacid salt as the mobile carrier for the first time. The PVAm-CH3/PZEA-Sar (15/85 by wt.) blended membrane of ca. 170 nm thickness at 57°C with a feed gas pressure of 111.64 kPa exhibited a CO2 permeance of 1071 GPU and a CO2/N2 selectivity of 183, which were significantly better than those of the blended membrane with the unmodified PVAm. This PVAm-CH3/PZEA-Sar membrane surpassed the latest redefined 2019 CO2/N2 upper bound and outperformed other polymer-based membranes. With the successful demonstration of the steric hindrance effect in the thin-film composite membrane, this knowledge will aid in the design of the next-generation FTMs with better performances.
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Nomenclature
		steady-state CO2 molar flux across the membrane
		the thickness of the membrane selective layer
		CO2 permeability
		N2 permeability
		the transmembrane CO2 partial pressure difference
	CO2 partial pressure difference across the membrane at feed inlet
	CO2 partial pressure difference across the membrane at feed outlet
∆E		relative electronic energy of a given stage of the reaction with respect to reactants
E	total electronic energy of a given stage of the reaction 
EReactants	total electronic energy of reactants
Greek letters
	ideal selectivity of CO2 over N2
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Figure captions 
Fig. 1. Schematic diagram of gas transport mechanisms through an amine-containing facilitated transport membrane.
Fig. 2. Synthesis of poly-N-methyl-N-vinylamine (PVAm-CH3) using stepwise reductive amination (SRA).
[bookmark: _Hlk86071778]Fig. 3. Schematic diagrams of (a) highly polarizable hexafluoroisopropanol (HFIP) and (b) the strong hydrogen bonding of HFIP with an amine.
Fig. 4. Characterization of PVAm-CH3 and PVAm-CH3 membranes. 1H NMR spectra of (a) purified PVAm, (b) hydrolyzed PVAm, (c) PVAm-CH3 by SN2, and (d) PVAm-CH3 by SRA. (e) FTIR spectra of the purified PVAm, hydrolyzed PVAm, and PVAm-CH3 by SRA. (f) Viscosities and molecular weights of the purified PVAm and PVAm-CH3. 
Fig. 5. SEM images of cross-sections of thin-film composite membranes of (a) PVAm-CH3/PEZA-Sar = 35/65 by wt. with ca. 170 nm, (b) PVAm-CH3/PEZA-Sar = 15/85 by wt. with ca. 170 nm.
Fig. 6. Comparison of PVAm-CH3 in this work with recently reported amine-containing fixed-site carriers [24,53-55] for CO2/N2 separation in the Robeson 2008 upper bound [4] and redefined 2019 upper bound [56] plots.
Fig. 7. Comparison of PVAm-CH3 and hydrolyzed PVAm thin-film composite membranes containing two different contents of the PZEA-Sar mobile carrier at 57°C. Membrane compositions by wt.: (A) hydrolyzed PVAm/PZEA-Sar = 35/65; (B) PVAm-CH3 (MD = 33%)/PZEA-Sar = 35/65; (C) PVAm-CH3 (MD = 39%)/PZEA-Sar = 35/65; (D) hydrolyzed PVAm/PZEA-Sar = 15/85; (E) PVAm-CH3 (MD = 39%)/PZEA-Sar = 15/85. Multiple measurements were done for the transport performance of the thin-film membranes of each composition. The error bars were the standard errors.
Fig. 8. Comparison of PVAm-CH3 (MD = 39%) and PVAm-CH3 (MD = 39%)/PZEA-Sar = 15/85 with other state-of-the-art materials for CO2/N2 separation, including amine-containing fixed-site carriers (FSC) (☆), poly(ethylene glycol) (PEO) based polymers (△), polymers of intrinsic microporosity (PIM) (○), thermally rearranged (TR) polymers (□), and mixed-matrix materials (MMM) (♢) in the Robeson 2008 upper bound [4] and refined 2019 upper bound [56] plots [24,53-55,63-86]. Details of the related data can be found in Tables S1–S5 in the SI.
Fig. 9. DFT-computed relative electronic energies (∆E, with respect to Reactants) of VAm and VAm-CH3 for their amine–CO2 reactions following the (a) carbamate pathway and (b) bicarbonate pathway. The molecular illustrations of structures can be found in Section III, Fig. S2 in the SI.
Fig. S1. Schematic diagram of the gas permeation unit.
Fig. S2. Molecular illustrations of reactants: (a) water, (b) CO2, and (c) VAm-CH3 repeating unit (modeled using the N-methylethanamine molecule); molecular structures for the carbamate pathway: (d) Complex 1, (e) TS1, (f) Zwitterion, (g) Complex 2, (h) TS2, and (i) Product (carbamate) of the VAm-CH3–CO2 reaction; molecular structures for the bicarbonate pathway: (j) Complex 1, (k) TS, and (l) Product (bicarbonate) of the VAm-CH3–CO2 reaction. Color codes: carbon, grey; hydrogen, white; oxygen, red; and nitrogen, blue.
Fig. S3. 13C NMR spectrum of PVAm-CH3/D2O mixture after CO2 bubbling.
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