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Abstract 10 

The influence of the amine structure (secondary, tertiary, pyridinic) in amine-functionalized 11 

polymeric membranes on the mechanism of CO2 transport across the membrane is investigated in 12 

this work using operando surface enhanced Raman spectroscopy (SERS) and in-situ transmission 13 

FTIR spectroscopy. Specifically, the mechanism of CO2 transport across poly-N-methyl-N-14 

vinylamine (PMVAm), poly-N, N-dimethyl-N-vinylamine (PDVAm), and poly(4-vinylpyridine) 15 

(P4VP) membranes was investigated by measuring CO2 permeances/selectivities of the 16 

membranes and simultaneously detecting CO2 transport intermediates (e.g., carbamate, 17 

bicarbonate) formed in the membrane under operating conditions using SERS and FTIR 18 

spectroscopy. While permeation measurements suggest that CO2 moves across all membranes via 19 

a facilitated transport mechanism, operando SERS and in-situ FTIR results suggest that the 20 
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molecular-level details of the facilitated transport process are highly sensitive to the structure of 21 

the amine functional group. For membranes with secondary (PMVAm) and tertiary (PDVAm) 22 

amines, CO2 moves across the membrane as a mixture of both carbamate and bicarbonate species. 23 

For P4VP, which has pyridinic amine groups, no CO2-derived intermediates were detected 24 

suggesting a new facilitated transport mechanism involving weak interactions between CO2 and 25 

the pyridinic nitrogen group without transformation of CO2 into carbamate, bicarbonate, or other 26 

intermediate species. Such a facilitated transport mechanism has not been reported in the literature 27 

to our knowledge.  28 

 29 
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1. Introduction 31 

Amine-functionalized polymer membranes are attractive for CO2 capture/separation 32 

applications because of their unique facilitated transport mechanism. In this transport mechanism, 33 

reactive amines selectively facilitate CO2 transport across the membrane without influencing the 34 

transport of other gases to give rapid and selective CO2 separation from mixed gas streams. Studies 35 

show that the CO2 separation performance of amine-based facilitated transport membranes is 36 

sensitive to the structure of the amine functional group (e.g., primary, secondary, tertiary) [1-3]. 37 

For example, Ho et al. [1] showed that the degree of steric hindrance at the amine functional group, 38 

which can be controlled by chemically attaching alkyl groups to the pendant amine group, has a 39 

significant impact on the CO2 separation performance of the membrane, with a moderate degree 40 

of steric hindrance yielding optimal performance. However, the influence of the amine 41 

structure/type on the fundamental mechanism of CO2 facilitated transport is not well understood 42 

on the molecular level, which hinders rational design of high-performance membranes. 43 

Ho et al. [1]  postulated that the structure (e.g., degree of steric hindrance) of the amine 44 

functional group influences the performance of the membrane by affecting the CO2 transport 45 

mechanism and consequently the CO2 loading (i.e., solubility) of the membrane. Based on a 46 

mechanism originally proposed by Caplow [4] and Danckwerts [5], Ho et al. [1] proposed that the 47 

first step in the CO2 transport mechanism is the reaction of CO2 with the amine to form a zwitterion 48 

intermediate, equation (1): 49 

𝐶𝑂2 + 𝑅 − 𝑁𝐻2 ⇌ 𝑅 − 𝑁𝐻2
+𝐶𝑂𝑂−     (1) 50 

For an unhindered amine, the zwitterion can be deprotonated by another amine to form a carbamate 51 

ion (𝑅 − 𝑁𝐻𝐶𝑂𝑂−) according to equation (2): 52 
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          𝑅 − 𝑁𝐻2
+𝐶𝑂𝑂− + 𝑅 − 𝑁𝐻2 → 𝑅 − 𝑁𝐻𝐶𝑂𝑂− + 𝑅 − 𝑁𝐻3

+  (2) 53 

Combining equations (1) and (2) to give the overall reaction stoichiometry, equation (3): 54 

𝐶𝑂2 + 2𝑅 − 𝑁𝐻2 ⇌ 𝑅 − 𝑁𝐻3
+ + 𝑅 − 𝑁𝐻𝐶𝑂𝑂−    (3), 55 

the maximum CO2 loading for an unhindered amine is only 0.5 mol CO2 per mol of amine. For a 56 

sterically-hindered amine, the alkyl group attached to the amine destabilizes the carbamate ion, 57 

and a different mechanism has been proposed in which the sterically-hindered amine group 58 

catalyzes the transformation of CO2 with H2O to give a bicarbonate ion, according to equation (4): 59 

             𝐶𝑂2 + 𝑅1 − 𝑁𝐻 − 𝑅2 + 𝐻2𝑂 ⇌ 𝑅1 − 𝑁𝐻2
+ − 𝑅2 + 𝐻𝐶𝑂3

−   (4) 60 

Thus, the stoichiometric CO2 loading of a sterically-hindered amine (1.0) is double that of an 61 

unhindered amine (0.5). In other words, Ho et al. [1] posited that the performance of amine-62 

functionalized membranes with sterically-hindered amine groups was greater than that of 63 

unhindered amines because the CO2 loading (i.e., solubility) of sterically-hindered amines that 64 

convert CO2 to bicarbonate is higher than that of unhindered amines that transport CO2 primarily 65 

as carbamate species. This explanation is consistent with studies on CO2 reactions with aqueous 66 

amine solutions [6-8]. 67 

 While the CO2 facilitated transport mechanism proposed by Ho et al. [1, 7, 8] can help to 68 

understand differences across a homologous series of membranes with similar amine structures, 69 

there is a wide and diverse range of amine groups that could be incorporated into polymeric 70 

membranes, and the molecular scale interactions of CO2 with different amine functional groups is 71 

not well understood. There are amine sorbent studies utilizing solid or liquid amine materials with 72 

different structures which have shown spectral differences when interacting with CO2, thus 73 

indicating different CO2 intermediate species [9-23]. These adsorption studies showed that CO2 74 

adsorbs as carbamate, carbamic acid, bicarbonate, or a combination of these depending on the 75 
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amine structure [9, 10, 17, 18]. There is a need to apply similar spectroscopic approaches to 76 

membrane separation systems (e.g., [24-29]) to better understand the fundamental CO2 transport 77 

mechanism and ultimately to enable a more rational design of high-performance membranes than 78 

current trial-and-error approaches.  79 

 To probe the molecular-scale mechanisms of CO2 transport across amine-functionalized 80 

membranes, we have recently developed new operando transmission FTIR spectroscopy [30] and 81 

operando surface enhanced Raman spectroscopy (SERS) [31, 32] tools that enable detection of 82 

CO2 transport intermediates (e.g., carbamate, bicarbonate) formed in the bulk of the membrane 83 

while simultaneously measuring CO2 permeation rates under realistic permeation conditions. We 84 

demonstrated the utility of these new operando spectroscopy tools by showing that CO2 moves 85 

across polyvinylamine (PVAm; see Figure 1), an archetypal facilitated transport membrane with 86 

primary amine groups, mainly as carbamate species. This observation was consistent with the 87 

mechanism proposed by Ho et al. [33] in which a primary amine such as that in PVAm should 88 

interact with CO2 to form a carbamate ion.  89 

 90 

Figure 1. Polymer structures of PVAm, PMVAm, PDVAm, and P4VP. 91 

In this work, we investigate the influence of the structure of the amine group in polymeric 92 

facilitated transport membranes on the CO2 transport mechanism using operando SERS and in-93 

situ FTIR spectroscopy. Specifically, we investigate the mechanism of CO2 transport across poly-94 
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N-methyl-N-vinylamine (PMVAm), poly-N, N-dimethyl-N-vinylamine (PDVAm), and poly(4-95 

vinylpyridine) (P4VP) (Figure 1).  For both PMVAm and PDVAm, which have secondary and 96 

tertiary amine groups, respectively, we observe intermediate species that are consistent with 97 

carbamate species and bicarbonate species. For P4VP, which has pyridinic amine groups, no CO2-98 

derived intermediate species were detected even though permeation measurements were consistent 99 

with a facilitated transport mechanism. It is possible that P4VP facilitates CO2 transport by a new 100 

mechanism in which the pyridinic nitrogen group facilitates CO2 transport via weak CO2-nitrogen 101 

interactions rather than by converting CO2 to carbamate, bicarbonate, or other intermediate species. 102 

This work provides direct spectroscopic evidence that the mechanism of CO2 transport across 103 

amine-functionalized membranes is indeed highly sensitive to the structure of the amine functional 104 

group. Understanding the relationships between polymer structures, operating conditions, and 105 

separation performance on a molecular level will promote the rational design of membranes which 106 

have high CO2 permeation rates, high selectivity to CO2, and are stable for extended periods of 107 

time. 108 

2. Experimental 109 

2.1 Materials 110 

N-vinylformamide (NVF, ≥96% stabilized), hydrochloric acid (HCl, 37%), ethanol (denatured, 111 

anhydrous), methanol (≥99.8%), acetone (≥99.5%), and potassium hydroxide (KOH) were 112 

purchased from VWR. Azobisisobutyronitrile (AIBN, 97%) and iodomethane (99%) were 113 

purchased from Sigma-Aldrich. Strong base anion-exchange resin (Purolite® A600OH) was 114 

purchased from APS WATER. All the chemicals, except NVF were used as received without 115 

further purification. Poly(4-vinylpyridine) (P4VP, ~160,000 MW) and polystyrene (PS, ~280,000 116 

MW) were purchased from Sigma-Aldrich and used as received without further purification. CO2, 117 
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N2, CH4, and Ar gas cylinders (purity of ≥99.99%) were purchased from Airgas. Polyvinylidene 118 

fluoride (PVDF) and polypropylene (PP) porous substrates were used. PVDF was provided by the 119 

Phillip Lab at the University of Notre Dame, but originally supplied by Nanostone. Celgard 120 

donated the PP sample (Celgard 2075) with a thickness of 20 µm. PVDF was used as received. 121 

Celgard 2075 polypropylene (PP) was cleaned by soaking in ethanol for four hours followed by 122 

soaking in deionized water for four hours to knock out the ethanol in the pores and dried in a fume 123 

hood overnight. 124 

2.2 PVAm, PMVAm, PDVAm Polymer Synthesis and Characterization 125 

Polyvinylamine (PVAm) was synthesized utilizing a previously reported procedure [30-32]. The 126 

N-vinylformamide (NVF) monomer was purified by vacuum distillation at 40 °C to remove the 127 

inhibitor. Purified NVF (20 g) was dissolved in 30 mL of deionized (DI) water in a 20 mL round-128 

bottom flask. The solution was heated to 50 °C and degassed with nitrogen for 1 h before the 129 

addition of AIBN (initiator). The polymerization process was carried out under nitrogen at 50 °C 130 

for 3 h. Acidic hydrolysis was performed with 2 equivalents of 2 M HCl aqueous solution at 70 °C 131 

for 5 h under nitrogen following the polymerization. The polymer was then precipitated with 132 

ethanol and dried in a vacuum oven at room temperature for 2 days. Subsequently, the dried 133 

polymer was dissolved in DI water at 60 °C for 24 h to prepare a 3 wt% solution. The pH of the 134 

solution was adjusted to 11 using strong base anion-exchange resin, followed by vacuum filtration 135 

to remove the resin.  136 

         Poly(N-methyl-N-vinylamine) (PMVAm) was synthesized from PVAm through a 137 

substitution reaction between the amine groups of PVAm and iodomethane with KOH as the 138 

catalyst and acid acceptor [3]. Following the pH adjustment of PVAm, the water was removed by 139 
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rotary evaporation. Then, a 2 wt% solution was prepared by dissolving the dried PVAm in a 140 

methanol/water solvent mixture at a 4:1 weight ratio. KOH and iodomethane were added in 141 

equivalent amounts to the solution at room temperature and refluxed at 55°C for 48 h in a light 142 

blocking environment. The polymer was purified by dialysis in deionized DI water for 2 days, and 143 

then precipitated in an ethanol/acetone solution with a 1:1 weight ratio and a pH of 2 for further 144 

purification. The dried polymer was dissolved in DI water to form a 3 wt% solution, and then the 145 

pH was adjusted to 11. The PMVAm structure was characterized using attenuated total internal 146 

reflectance-Fourier transform infrared (ATR-FTIR) (FT/IR-6300, Jasco) with a spectral resolution 147 

of 4 cm-1 and 64 scans-per-spectrum, and 1H NMR spectroscopy (Bruker AVANCE III HD 400 148 

Nanobay spectrometer). Figure S1 shows a comparison of the FTIR spectra of PVAm and 149 

PMVAm. The FTIR spectrum of PMVAm shows two bands at 1172 cm-1 and 2779 cm-1, which 150 

are not present in the FTIR spectrum of PVAm, that can be attributed to the C-N stretching 151 

vibration and the C-H stretching vibration, respectively, of the methyl group of PMVAm [3]. The 152 

1H NMR spectrum of PMVAm (Figure S2) shows a broad peak corresponding to a methyl group 153 

at 3.03 ppm, with an integration ratio of ~3:2 compared with the methylene group on the backbone 154 

at 2.12 ppm. Both the FTIR and 1H NMR results are consistent with the PMVAm structure shown 155 

in Figure 1. 156 

Poly(N,N-dimethyl-N-vinylamine) (PDVAm) was synthesized using a similar method to 157 

the PMVAm synthesis. To synthesize PDVAm, a 2 wt% solution was prepared by dissolving the 158 

dried PVAm in a methanol/water solvent mixture at a 3:1 weight ratio. Two equivalent amounts 159 

of KOH and iodomethane were added at room temperature and refluxed in a shaded environment 160 

at 55°C for 5 days. After the reaction, the polymer was purified via dialysis in DI water for 2 days, 161 

and then precipitated in an ethanol/acetone solution at a 1:1 weight ratio with a pH of 2. A 3 wt% 162 
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solution was formed by dissolving the dried polymer in DI water. The pH was adjusted to 11 to 163 

use for membrane preparation. The PDVAm structure was also characterized FTIR and 1H NMR 164 

spectroscopy. Similar to PMVAm, bands at 1172 cm-1 and 2779 cm-1, related to the methyl group, 165 

are detected in the FTIR spectrum of PDVAm (Figure S1). A broad peak corresponding to methyl 166 

groups was observed at 3.00 ppm in the 1H NMR (Figure S3), which has an integration ratio of 167 

~6:2 with the methylene group on the backbone at 2.12 ppm. Thus, both the FTIR and 1H NMR 168 

results are consistent with the PDVAm structure shown in Figure 1. While the FTIR and 1H NMR 169 

spectra of PMVAm and PDVAm are consistent with the corresponding structures shown in Figure 170 

1, the ratio of the 1H NMR peaks associated with methylene group and the backbone peak are not 171 

exactly 6:2 (6.0:2.4) and 3:2 (3.0:2.2), respectively, and thus it is possible that a small fraction of 172 

the primary amine sites of PVAm were not fully converted to PMVAm and PDVAm. 173 

2.3 Membrane Preparation 174 

For membrane preparation, PMVAm and PDVAm solutions were concentrated to 3 wt% solutions, 175 

while P4VP was concentrated to a 20 wt% solution (10 wt% P4VP  solution was used for in-situ 176 

transmission FTIR measurements); these concentrations provide sufficient solution viscosities to 177 

result in better adhesion for casting thin films [34]. The concentrated solutions were knife cast 178 

onto PVDF with a wet thickness of 178 µm, or 51 µm on cleaned PP supports where the PP-179 

supported materials were transmission FTIR compatible [30]. The casting solution for SERS-180 

active membranes was prepared by incorporating silver nanoparticles into each polymer solution 181 

(20.4 mg/mL for PMVAm and PDVAm, and 10.2 mg/mL for P4VP) to enhance the Raman 182 

scattering in the thin active layer [31]. All composite membranes were dried overnight in a fume 183 

hood under ambient conditions. The SERS-active membranes were installed to the SERS 184 

permeation cell with an active area of 2.2 cm2.  The PP-supported membranes were mounted to an 185 
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aluminum disc using JB Weld Epoxy to install into the FTIR permeation cell with an active area 186 

of 0.79 cm2 for PMVAm and PDVAm, while P4VP was mounted with an active area of 1.13 cm2
.  187 

Based on our prior work [32] preparing PVAm membranes using an identical procedure 188 

used in this work to prepare PMVAm and PDVAm membranes (3 wt% solutions, 178 µm wet 189 

thickness on PVDF), we estimate the thickness of the PMVAm and PDVAm membranes used for 190 

operando SERS measurements to be ~2 µm thick. The thickness of the PMVAm and PDVAm 191 

membranes supported on PP for in-situ transmission FTIR measurements is unknown; however, 192 

the thickness is expected to be significantly less than ~2 µm thick due to the lower wet thickness 193 

(51 µm) used during knife casting. For transmission FTIR measurements, thinner membranes are 194 

required to avoid saturation of the vibrational bands in the fingerprint region [30]. The thickness 195 

of the P4VP membranes is also unknown, but is expected to be significantly greater than ~2 µm 196 

thick given the higher concentration of the P4VP casting solution (20%).  197 

2.4 Operando SERS Measurements 198 

Operando SERS measurements were conducted using a Raman spectroscopic permeation cell, as 199 

described in our previous work [31], which is employed to measure gas permeation rates and 200 

simultaneously monitor the membrane structure changes under operating conditions (Figure S4). 201 

The experiments were carried out under room temperature and atmospheric pressure with the feed 202 

compositions consisting of 2-99 kPa CO2, 2.2 kPa H2O, and balance CH4. The total feed flow rate 203 

was maintained at 10 mL/min, while the Ar sweep flow rate was 148 mL/min. The permeate gas 204 

was analyzed using an SRI 8610C Gas Chromatograph equipped with a HayeSep D packed column 205 

and a flame ionization detector (FID). During the Raman spectra collection, an incident laser power 206 

of 9.8 mW and a 50x Nikon objective were employed. 207 
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2.5 In-Situ Transmission FTIR Measurements 208 

Transmission FTIR measurements were performed using an in-situ transmission FTIR 209 

spectroscopic permeation cell described in our previous work (Figure S5) [30]. Spectroscopic 210 

measurements were performed at 22 °C and atmospheric pressure. The feed compositions were 211 

varied with gas partial pressures of 2-98 kPa CO2, 3.7 kPa H2O, and balance N2. The total feed 212 

flow rate was 37.5 mL/min and the Ar sweep flow rate was 10 mL/min. Transmission FTIR spectra 213 

were collected with a spectral resolution of 4 cm-1, 1.5-minute scan time, and 6 mm aperture size. 214 

3. Results and Discussion 215 

3.1 The Mechanism of CO2 Transport Across PMVAm (Secondary Amine)  216 

The mechanism of CO2 transport across PMVAm, which has secondary amine functional groups, 217 

was investigated using operando SERS to detect CO2 transport intermediates (e.g., carbamate, 218 

bicarbonate) formed in the bulk of the PMVAm membrane and simultaneously measure CO2 219 

permeation rates under realistic operating conditions. For operando SERS measurements, Ag 220 

nanoparticles were incorporated into 3 wt% aqueous solutions of PMVAm to enhance the Raman 221 

scattering intensity (see Section 2.3 for details). The PMVAm solution with Ag nanoparticles was 222 

then knife cast onto PVDF supports with a gap of 178 µm. Subsequently, the membrane was 223 

employed in our operando Raman spectroscopic permeation cell to investigate the structure 224 

changes of the membrane during gas separation with varying CO2 partial pressures. Figure 2(a) 225 

shows the CO2 permeance (black; left axis) and CO2/CH4 selectivity (red; right axis) of PMVAm 226 

versus CO2 partial pressure in the feed. The permeation results show that the maximum CO2 227 

permeance (264 GPU) and CO2/CH4 selectivity (136) were observed at the lowest CO2 partial 228 

pressure of 2 kPa, and both the CO2 permeance and CO2/CH4 selectivity decrease with increasing 229 
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CO2 partial pressure. This decrease in the CO2 permeance and CO2/CH4 selectivity with increasing 230 

CO2 partial pressure is consistent with behavior expected for facilitated CO2 transport [35-37].  231 

 232 

Figure 2. CO2 separation performance and operando spectroscopic measurements as a function of 233 

feed CO2 partial pressure for PMVAm where (a) shows the CO2 permeance (black; left axis) and 234 

CO2/CH4 selectivity (red; right axis) and (b) shows the operando SERS spectra collected during 235 

exposure to a humidified CO2/CH4 feed with 2-99 kPa CO2, 2.2 kPa H2O, and balance CH4 at 236 

atmospheric pressure and room temperature. (c) In-situ transmission FTIR spectra collected during 237 

exposure to humidified CO2/N2 with 2-98 kPa CO2, 3.7 kPa H2O, and balance N2. 238 

Figure 2(b) shows the SERS spectra that were collected while the CO2 239 

permeances/selectivities shown in Figure 2(a) were measured simultaneously. The SERS spectra 240 

show several overlapping bands in the 1100 cm-1 to 1700 cm-1 range when CO2 was introduced 241 

into the feed side of the PMVAm membrane; these bands were not observed prior to introducing 242 

CO2 (0 kPa CO2 spectrum). To deconvolute these overlapping bands, the spectrum with a feed 243 

CO2 partial pressure of 99 kPa was normalized by subtracting the spectrum collected prior to 244 

introducing CO2, and the normalized spectrum was fit to several Gaussian-shaped peaks. The 245 

normalized spectrum (Figure S6) shows at least seven bands located between 1100 cm-1 to 1700 246 

cm-1. Assignment of these peaks is based on a comparison of the peak positions with the literature. 247 

The peak positions and assignments, with references to the literature, are summarized in Table 1.  248 

 249 

 250 
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Table 1. Raman and IR bands formed during exposure to humidified CO2 and their assignments 251 

for PMVAm. 252 

Raman Shift  

(cm-1) 

Wavenumber  

(cm-1) 

Band Assignment Attributed 

Species 

Refs. 

 1650 COO- asymmetric stretch from 

bicarbonate or C=O stretching 

from carbamic acid (dimer) 

Bicarbonate Ion 

or Carbamic Acid 

[19] 

 1617 NH2
+ asymmetric bending Ammonium Ion [11, 12, 

19-22] 

1615  Asymmetric C-O stretch in 

bicarbonate  

Bicarbonate Ion [18, 40, 

41, 43-

45] 

1557 1579 -COO- asymmetric stretching 

from carbamate  

Carbamate Ion [14, 39, 

43] 

[10, 12, 

13, 19, 

47] 

 1479 NH2
+ symmetric bending and 

NH+ bending 

Ammonium Ion [9, 12, 13, 

17, 19, 

21] 

 1446 -COO- symmetric stretching 

(secondary band) 

Carbamate Ion [12, 13, 

19, 21] 

1441  NH2
+ bending mode/-COO-

symmetric stretching  

Ammonium Ion 

or bicarbonate Ion 

[38, 39] 

 1395 -COO- symmetric stretching 

from carbamate 

Carbamate Ion [12, 15, 

16, 19, 

21] 

1345 1345 C-O symmetric stretch from 

bicarbonate 

Bicarbonate Ion [18, 38-

45] 

[14, 19, 

21] 

1308  NCOO- stretching vibration 

from carbamate (secondary 

band) or C-OH bend from 

bicarbonate 

Carbamate Ion or 

Bicarbonate Ion 

[14, 38-

41] 

1211  Unknown Unknown  

1128  C-N-C asymmetric stretching 

of carbamate ion or neutral 

secondary amine 

Carbamate Ion or 

neutral secondary 

amine 

[40, 46] 

 253 
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The band at 1308 cm-1 is consistent with the N-COO- stretching vibration of carbamate [38, 254 

39] or C-OH bending of HCO3
- [14, 40, 41]. The bands at 1345 cm-1 and 1615 cm-1 can be 255 

attributed to the C-O symmetric vibration of HCO3
- [18, 38-45], and the asymmetric vibration of 256 

C-O bonds in HCO3
- [18, 40, 41, 43-45], respectively. The band at 1441 cm-1 may be attributed to 257 

NH2
+ bending [38] or -COO- symmetric stretching of bicarbonate [39].  The band at 1557 cm-1 is 258 

consistent the asymmetric stretching of COO- in carbamate [14, 39, 43]. The band at 1128 cm-1 259 

may be contributed by the C-N-C asymmetric stretching of carbamate ion or neutral secondary 260 

amine [40, 46], but there is limited literature to support this assignment. The band at 1211 cm-1 is 261 

more difficult to assign because there are almost no Raman spectra reported in literature for the 262 

reaction of secondary amines with CO2. These operando SERS results suggest that the CO2 moves 263 

across PMVAm as both carbamate and bicarbonate intermediates.  264 

In addition to operando SERS measurements, the mechanism of CO2 transport across 265 

PMVAm was also investigated using in-situ transmission FTIR spectroscopy, which is a 266 

vibrational spectroscopy technique that is complementary to SERS. Figure 2(c) shows the in-situ 267 

FTIR spectra collected during exposure of PMVAm to humidified CO2/N2 mixtures as a function 268 

of CO2 partial pressure from 2-98 kPa CO2. The full spectrum range from 600 to 4000 cm-1 is 269 

shown in Figure S7. The background spectrum for the transmission FTIR spectra was collected 270 

under humidified N2, which effectively subtracts the bands associated with water vapor and the 271 

PMVAm/PP composite membrane; therefore, all bands that appear in Figure 2(c) are associated 272 

with interactions between PMVAm and CO2. There are several FTIR bands observed under all 273 

feed CO2 partial pressures, and the intensity of these bands generally increases with increasing 274 

CO2 partial pressure. As with the SERS spectra, assignment of the FTIR bands is based on 275 

literature assignments that are most consistent with our observed band positions. A summary of 276 
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the band assignments for the PMVAm samples during exposure to humidified CO2 gas mixtures 277 

is given in Table 1 with references to the literature. 278 

The FTIR bands located at 1650 cm-1 (COO- asymmetric stretch [19] or C=O stretching 279 

from carbamic acid (dimer) [19]) and 1345 cm-1 (COO- asymmetric stretch [14, 19, 21]) are most 280 

consistent with bicarbonate species or carbamic acid. The bands located at 1579 cm-1, 1446 cm-1, 281 

and 1395 cm-1 are consistent with the carbamate ion vibrations of -COO- asymmetric [12, 15, 16, 282 

19, 21] and symmetric stretching [12, 13, 15, 16, 19, 21], respectively. The bands located at 1617 283 

cm-1 and 1479 cm-1 are consistent with ammonium ions, i.e. NH2
+ asymmetric [11, 12, 19-22] and 284 

symmetric [9, 12, 13, 17, 19, 21] stretching as the carbamate counterion with NH+ bending [19] 285 

also represented by the band at 1479 cm-1 associated with the bicarbonate ion. Thus, both the 286 

Raman and FTIR spectra for PMVAm show bands that are consistent with the formation of both 287 

bicarbonate and carbamate species with ammonium species as the counterion.  288 

3.2 The Mechanism of CO2 Transport Across PDVAm (Tertiary Amine)  289 

The structure of PVAm was modified by adding two methyl groups to the primary amine group of 290 

PVAm to give PDVAm with tertiary amine groups, as described in Section 2.3, to investigate the 291 

influence of amine structure on the CO2 transport mechanism. The mechanism of CO2 facilitated 292 

transport was then investigated using operando SERS and in-situ transmission FTIR spectroscopy. 293 

Figure 3(a) shows the effect of feed CO2 partial pressure on the CO2 permeance and CO2/CH4 294 

selectivity of PDVAm during exposure to humidified CO2/CH4 mixtures with 2-99 kPa CO2, 2.2 295 

kPa H2O, and balance CH4. Similar to the behavior observed for PMVAm (Figure 2(a)) and 296 

PVAm [32], the CO2 permeance and CO2/CH4 selectivity both decrease with increasing CO2 297 

partial pressure, suggesting that the tertiary amine groups of PDVAm facilitate transport of CO2. 298 
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The CO2 permeance exhibited a maximum value of 418 GPU, while the CO2/CH4 selectivity 299 

reached its peak of 129 when the CO2 partial pressure was maintained at 2 kPa.  300 

 301 

Figure 3. CO2 separation performance and operando spectroscopic measurements as a function of 302 

feed CO2 partial pressure for PDVAm where (a) shows the CO2 permeance (black; left axis) and 303 

CO2/CH4 selectivity (red; right axis) and (b) shows the operando SERS spectra collected during 304 

exposure to a humidified CO2/CH4 feed with 2-99 kPa CO2, 2.2 kPa H2O, and balance CH4 at 305 

atmospheric pressure and room temperature. (c) In-situ transmission FTIR spectra collected during 306 

exposure of PDVAm to humidified CO2/N2 with 2-98 kPa CO2, 3.7 kPa H2O, and balance N2. 307 

Figure 3(b) shows the operando SERS spectra collected while the CO2 permeances and 308 

CO2/CH4 selectivities in Figure 3(a) were measured during exposure of PDVAm to humidified 309 

CO2/CH4 mixtures.  The SERS spectra show several overlapping Raman bands that appear in the 310 

1100 cm-1 to 1700 cm-1 range, which were not present prior to introducing CO2 (0 kPa CO2 311 

spectrum), and their intensity roughly increases with increasing CO2 partial pressure. To 312 

deconvolute the Raman bands, the spectrum collected during exposure to humidified 99 kPa CO2 313 

was normalized by subtracting the spectrum collected with 0 kPa CO2, and the spectrum was fit to 314 

seven Gaussian-shaped peaks (Figure S8). Assignment of these peaks is based on comparison of 315 

peak positions to the literature. The Raman peaks and their assignment with references to the 316 

literature are summarized in Table 2.  317 

 318 

 319 
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Table 2. Raman and IR bands formed during exposure to humidified CO2 and their assignments 320 

for PDVAm. 321 

Raman 

Shifts (cm-1) 

Wavenumber  

(cm-1) 

Band Assignment  Attributed Refs. 

 1657 COO- asymmetric stretching 

from bicarbonate 

Bicarbonate Ion [19] 

 1618 NH2
+ or NH3

+ asymmetric 

bending, or NH deformation 

Ammonium Ion [11, 12, 19-

22] 

1610  C-O antisymmetric stretch of 

bicarbonate  

Bicarbonate Ion [18, 40, 41, 

43-45] 

1562  Antisymmetric COO- stretch 

of carbamate ion 

Carbamate Ion [14, 39, 43] 

 1572 -COO- asymmetric stretching 

from carbamate 

Carbamate Ion [10, 12, 13, 

19] 

1446 1475 NH+ bending Ammonium Ion  [19] 

 1392 -COO- symmetric stretching Carbamate Ion [12, 15, 16, 

19, 21] 

1359 1358 COO- symmetric stretching 

from bicarbonate 

Bicarbonate Ion [18, 38-45] 

[14, 19, 21] 

1315  C-OH bend from bicarbonate Bicarbonate Ion [14, 18, 38-

40, 42-44] 

 1321 NCOO- skeletal vibrations 

from carbamate 

Carbamate Ion [10, 11, 14, 

17, 21-23, 

48] 

1223  Unknown Unknown  

1131  C-N-C asymmetric stretching 

of ammonium ion or neutral 

secondary amine or CN 

stretching of carbamate 

Ammonium Ion 

or neutral 

secondary amine 

or carbamate 

[40, 46] [40, 

42, 43, 49-

53] 

 322 

The Raman bands observed at 1315 cm-1, 1359 cm-1, and 1610 cm-1 can be assigned to 323 

bicarbonate species [14, 18, 39, 40]. A band at 1562 cm-1 was also observed, which can be assigned 324 

as the carbamate species formed by primary and secondary amines [14, 39, 43]. According to the 325 

literature [39, 54], tertiary amines should not react directly with CO2 to form a NCOO- derivative 326 
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due to the instability of the carbamate species related to the high degree of steric hindrance at the 327 

nitrogen atom of a tertiary amine. Tertiary amines are expected to react with CO2 and H2O to form 328 

bicarbonates through an acid-base reaction, equation (4) [33]. The observation of carbamate 329 

species in the operando SERS spectra of PDVAm may indicate an incomplete or partial conversion 330 

of PVAm to PDVAm. While characterization of PDVAm using FTIR and 1H NMR (see Section 331 

2.2) is consistent with the PDVAm structure, it is possible that the synthesized polymer may 332 

contain a small but significant amount of primary and/or secondary amine groups that can react 333 

with CO2 to form carbamate species. Thus, the band at 1131 cm-1 could be contributed by the C-334 

N-C asymmetric stretching of ammonium ion [40, 46] or neutral secondary amine [40, 46] or CN 335 

stretching of carbamate [40, 42, 43, 49-53], or some combination thereof. The band at 1446 cm-1 336 

may be assigned to the NH+ bending of ammonium ion [19]. The band at 1223 cm-1 is difficult to 337 

assign but may be associated with an intermediate that has not been reported in the literature.  338 

To complement operando SERS measurements, a PDVAm membrane was also analyzed 339 

by in-situ transmission FTIR spectroscopy during exposure to humidified CO2/N2 mixtures with 340 

2-98 kPa CO2, 3.7 kPa H2O, and balance N2. Figure 3(c) shows the transmission FTIR spectra in 341 

the 900-2000 cm-1 range with the full spectral range (600-4000 cm-1) shown in Figure S9. The in-342 

situ transmission FTIR spectra display several bands in the fingerprint region; the background 343 

spectrum for the transmission FTIR spectra was collected under humidified N2, and therefore all 344 

bands in Figure 3(c) are associated with species resulting from the interactions of CO2 with 345 

PDVAm. The positions and assignments of the bands with references to the literature are 346 

summarized in Table 2.  347 

The FTIR spectra of PDVAm reveal bands located at 1657 cm-1 (COO- asymmetric 348 

stretching [19]) and 1358 cm-1 (COO- symmetric stretching [14, 19, 21]) which are consistent with 349 
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bicarbonate ions with the band located at 1475 cm-1 (NH+ bending [19]) representing the 350 

ammonium counterion to bicarbonate. There are also bands located at 1572 cm-1 (-COO- 351 

asymmetric stretching [10, 12, 13, 19]), 1392 cm-1 (-COO- symmetric stretching [12, 15, 16, 19, 352 

21]), and 1321 cm-1 (NCOO- skeletal vibrations [11, 12, 19-22]) that are consistent with the 353 

carbamate species; the band at 1618 cm-1 (NH2
+ or NH3

+ asymmetric bending [11, 12, 19-22]) is 354 

consistent with the ammonium counterion to the carbamate species. However, NH2
+ or NH3

+ will 355 

not form with a tertiary amine and there are no other relevant assignments for a tertiary amine, to 356 

our knowledge. The most likely explanation is that PVAm was not fully converted into PDVAm, 357 

and the synthesized polymer contained a significant amount of primary and/or secondary amine 358 

groups, as discussed above. In general, the FTIR results are consistent with the SERS results and 359 

both demonstrate that CO2 moves across PDVAm as both carbamate and bicarbonate species.  360 

3.3 The Mechanism of CO2 Transport Across P4VP (Pyridinic Amine)  361 

In addition to the PVAm-derived secondary (PMVAm) and tertiary (PDVAm) amine-362 

functionalized polymers, the mechanism of CO2 transport across P4VP, which has pyridinic amine 363 

groups (see Figure 1), was also investigated using operando SERS and in-situ FTIR spectroscopy 364 

to gain broader insight into the influence of the structure of the amine group on the CO2 transport 365 

mechanism. Figure 4(a) shows the CO2 permeance and CO2/CH4 selectivity of P4VP versus CO2 366 

partial pressure during exposure to 2-99 kPa CO2, 2.2 kPa H2O, and balance CH4 at atmospheric 367 

pressure. Similar to the behavior observed for PVAm [32], PMVAm (Figure 2(a)) and PDVAm 368 

(Figure 3(a)), the CO2 permeance and the CO2/CH4 selectivity of P4VP decreases with increasing 369 

CO2 partial pressure, indicating facilitated transport of CO2.  370 

 371 

 372 
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 373 
Figure 4. CO2 separation performance and operando spectroscopic measurements as a function of 374 

feed CO2 partial pressure for P4VP where (a) shows the CO2 permeance (black; left axis) and 375 

CO2/CH4 selectivity (red; right axis) and (b) shows the operando SERS spectra during exposure 376 

to a humidified CO2/CH4 feed with 2-99 kPa CO2, 2.2 kPa H2O, and balance CH4 at atmospheric 377 

pressure and room temperature. (c) In-situ transmission FTIR spectra collected during exposure to 378 

humidified CO2/N2 with 2-98 kPa CO2, 3.7 kPa H2O, and balance N2. 379 

 The operando SERS spectra collected during exposure of P4VP to humidified CO2/CH4 380 

mixtures, which are shown in Figure 4(b), display many bands that generally increase in intensity 381 

with increasing CO2 partial pressure. These bands were not observed in the corresponding SERS 382 

spectra of PVAm, PMVAm, or PDVAm, and are not consistent with either carbamate or 383 

bicarbonate species. A rough assignment of these bands is given in Table S2. The bands at 658 384 

cm-1, 1042 cm-1, 1195 cm-1, and 1479 cm-1 are similar to the positions of bands assigned in the 385 

literature to P4VP (650 cm-1, 1012 cm-1, 1209 cm-1, and 1445 cm-1) [55]. The bands at 996 cm-1, 386 

1195 cm-1 and 1594 cm-1 are similar to the positions of SERS bands assigned in the literature to 387 

P4VP adsorbed onto silver island films (1020 cm-1, 1219 cm-1, and 1613 cm-1), which may indicate 388 

that the pyridine moieties of P4VP are adsorbed onto the surface of silver nanoparticles embedded 389 

in the P4VP film [56]. There are also several bands (658 cm-1, 1195 cm-1, 1264 cm-1, 1334 cm-1, 390 

and 1594 cm-1) that are close in position to Raman bands assigned in the literature to protonated 391 

4-ethylpyridine Raman bands (652 cm-1, 1204 cm-1, 1265 cm-1, 1315 cm-1 and 1607 cm-1) [55]. 392 

This may suggest that some of the pyridine rings of P4VP are protonated under operating 393 

conditions. Since the band at 658 cm-1 from neutral pyridine in P4VP is very weak, according to 394 
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the literature [55], the high intensity of this band in our spectra may indicate a protonated pyridine 395 

ring. Overall, the operando SERS spectra are dominated by features that can be assigned to the 396 

pyridine ring of P4VP and no carbamate or bicarbonate species were detected.  397 

 The in-situ transmission FTIR spectra of P4VP collected during exposure to humidified 398 

CO2/N2 with 2-98 kPa CO2, 3.7 kPa H2O, and balance N2, which are shown in Figure 4(c) with 399 

the full spectral range shown in Figure S10, are also much different than the corresponding FTIR 400 

spectra of PVAm [32], PMVAm, and PDVAm. Furthermore, while there were many bands 401 

observed in the operando SERS spectra of P4VP (Figure 4(a)), there was only one broad, poorly-402 

defined band in the in-situ transmission FTIR spectra of P4VP. This band centered at ~1640 cm-1 403 

is most likely associated with a bending mode of water [57, 58]. There is also some evidence of 404 

derivative-shaped bands that could result from a shift in the bands associated with the pyridine 405 

ring of P4VP from weak interactions with water or CO2 [59-62]. Thus, while the operando SERS 406 

spectra and in-situ transmission FTIR spectra display many different features, analysis of both sets 407 

of spectra both suggests that CO2 is not converted to carbamate or bicarbonate. Rather, our results 408 

suggest that CO2 interacts weakly with the pyridinic nitrogen atoms of P4VP. Permeation results 409 

(Figure 4(a)) suggest that the pyridinic nitrogen atoms of P4VP facilitate CO2 transport; operando 410 

SERS and in-situ FTIR results suggest that facilitated transport can occur even through weak 411 

interactions of amine groups with CO2 and without conversion of CO2 to carbamate or bicarbonate 412 

intermediates.  413 

4. Conclusions 414 

This work demonstrates that the interaction of CO2 with amine-functionalized membranes, 415 

and hence the mechanism of CO2 facilitated transport, is highly sensitive to the molecular structure 416 
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of the amine site. While this is not a surprising result, it is important to directly observe these 417 

interactions to understand the molecular-level details of CO2 facilitated transport for rational 418 

design of high-performance membranes. To more clearly show the differences in the interaction 419 

of CO2 with the different polymers, Figure 5 shows a comparison of the (a) operando SERS and 420 

(b) in-situ transmission FTIR spectra collected during exposure of PVAm, PMVAm, PDVAm, and 421 

P4VP to 20 kPa CO2, 3.7 kPa H2O, and balance N2.  422 

 423 

 424 

Figure 5. (a) Operando Raman spectra and (b) In-situ transmission FTIR spectra of PVAm (black), 425 

PMVAm (red), PDVAm (green), and P4VP (blue) polymers collected during exposure to 426 

humidified CO2/N2 mixtures at 20 kPa CO2, 3.7 kPa H2O, and balance N2. The FTIR spectrum of 427 

PVAm was reported in a previous publication [30]. 428 

 429 

W hile CO2 moves across PVAm primarily by hopping from one primary amine site to 430 

another as carbamate species, our results suggest that CO2 moves across PMVAm and PDVAm 431 

with secondary and tertiary amine sites, respectively, as a mixture of both carbamate and 432 
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bicarbonate species. The observation of carbamate intermediates formed in PDVAm with tertiary 433 

amines was surprising, as carbamate species are not expected to be stable on tertiary amines, as 434 

discussed in Section 3.2. However, this may be explained by an incomplete conversion of PVAm 435 

to PDVAm, and there may be some primary and/or secondary amine sites that may interact with 436 

CO2 to form carbamates. Perhaps the most significant finding from this work was the observation 437 

that P4VP may be capable of facilitating CO2 transport by weak interactions with CO2 rather than 438 

by converting CO2 to carbamate or bicarbonate species. This is a new facilitated CO2 transport 439 

mechanism that has not been reported in the literature, to our knowledge. It is possible that, in 440 

addition to CO2 facilitated transport via carbamate/bicarbonate intermediates, CO2 transport across 441 

PVAM, PMVAm, and PDVAm is also facilitated by such weak amine-CO2 interactions.   442 
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