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Abstract.  12 

Understanding multi-component transport behavior in membranes with varied internal structures 13 

and functionalities is critical for the rational design of membranes that will be challenged with the 14 

separation of, or come in contact with, multi-component solutions. One interesting application is 15 

ion exchange membranes for CO2 reduction cells as these membranes interact with multiple CO2 16 

reduction products (e.g. methanol and acetate) whose permeation must be controlled, as they 17 

readily oxidize back to CO2 and by-products in the anode chamber. Previously, the co-transport 18 

behavior of methanol and acetate in membranes with various pendant groups, such as sulfonate (-19 

SO3-), carboxyl (-COOH), ethylene oxide (-CH2CH2OH), and poly(ethylene oxide) (-20 

(CH2CH2O)5H, PEO), was investigated, where permeabilities to acetate was suppressed in PEO-21 

containing films in co-permeation with methanol. Here, we further examine this co-transport 22 

behavior in pendant PEO-containing films by preparing three chemically different crosslinked 23 

films with a constant crosslinker, poly(ethylene glycol) diacrylate (PEGDA), content and varied 24 

the remaining between a PEO-containing comonomer, poly(ethylene glycol) methacrylate 25 

(PEGMA), and a sulfonate-containing comonomer, 2-acrylamido-2-methyl-1-propanesulfonic 26 

acid (AMPS) (i.e. PEGDA-PEGMA, PEGDA-AMPS/PEGMA, and PEGDA-AMPS). For each 27 

chemistry, three structurally distinct films are prepared by varying pre-polymerization water 28 

content, leading to differences in water volume fraction (and thereby free volume). We observe 29 

the diffusivities of PEGMA-free films (PEGDA-AMPS) to acetate are increased in co-diffusion, 30 

while those of PEGMA-containing films (PEGDA-PEGMA and PEGDA-AMPS/PEGMA) to 31 

acetate are decreased. These results suggest the strategic addition of a charge-neutral pendant 32 

group in a charged IEMs is a valid approach to suppress the crossover of undesired molecules.  33 
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1. Introduction 36 

Understanding multi-component transport behavior in ion exchange membranes (IEMs) is of great 37 

interest for applications such as wastewater purification (i.e. electrodialysis [1,2]), energy storage 38 

devices (i.e. vanadium redox flow batteries [3]) and artificial photosynthesis devices (i.e. 39 

photoelectrochemical CO2 reduction cells (PEC-CRCs) [4,5]). In particular, a major interest of 40 

PEC-CRCs is to design an IEM that minimize the crossover of CO2 reduction products dissolved 41 

in catholyte, such as alcohols (e.g. methanol (MeOH) and ethanol) and carboxylate ions (e.g. 42 

formate and acetate (OAc-)) [4,5]. Favorably, typical artificial photosynthesis devices do not 43 

require particularly high ionic conductivity [5], which often provides a higher degree-of-freedom 44 

upon tailoring the internal structure of the polymer matrix in a way that potentially minimizes the 45 

permeation of CO2 reduction products in multi-component permeation. 46 

Previously, our group observed a significant increase in OAc- permeability in co-47 

permeation with MeOH in cation exchange membranes (CEMs), Nafion® 117 [6] and UV-48 

crosslinked CEMs synthesized with a sulfonated monomer, 2-acrylamido-2-methylpropane 49 

sulfonic acid (AMPS) [7], and a crosslinker, poly(ethylene glycol) diacrylate (PEGDA, n = 13, 50 

where n represents the number of ethylene oxide repeat units). To rationalize this transport 51 

behavior, we proposed that a major contributor to this transport behavior is the charge screening 52 

by co-permeating MeOH (Fig. 1(F)), where co-diffusing MeOH suppresses the electrostatic 53 

repulsion (Donnan exclusion [8]) between bound sulfonate anions and mobile OAc- anions [6,7,9]. 54 

Furthermore, we varied the AMPS content with charge-neutral comonomers with different chain 55 

lengths, acrylic acid (AA, n = 0), 2-hydroxyethyl methacrylate (HEMA, n = 1), and poly(ethylene 56 

glycol) methacrylate (PEGMA, n = 5) [10], where we observed increased OAc- permeability in 57 
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membranes prepared with shorter comonomers (AA and HEMA), while it was suppressed in films 58 

prepared with longer comonomer (PEGMA) (Fig. 1(B)). 59 

Here, to further investigate this multi-component transport behavior in charged polymer 60 

networks, we prepare a series of PEGMA-containing films by varying the PEGMA content with 61 

AMPS to understand the effect of this longer pendant chain (PEGMA) on multi-component 62 

transport behavior. For a better understanding, we have also varied the free volume [11] at each 63 

membrane composition by varying prepolymerization water content [12–14].  64 

A pictorial description of how the presence of pendant PEGMA and co-diffusing MeOH 65 

could be suppressing the electrostatic repulsion between bound charge groups (sulfonates, SO3-) 66 

and mobile OAc- is shown in Figure 1. In Figure 1(A-C), the diffusion of OAc- by itself is depicted, 67 

where the mobile OAc- experiences electrostatic repulsion from bound SO3- in CEMs (Fig. 1(C), 68 

ion-polymer interaction) and the interaction is being screened by the pendant PEG group (Fig. 69 

1(B), polymer-polymer interaction). In Figure 1(D-F), the diffusion of OAc- with MeOH is 70 

depicted, where the electrostatic repulsion is being screened by co-diffusing MeOH[6,7,9,15–17] 71 

and MeOH form a flux coupling [18] with OAc- (Fig. 1(F), alcohol-polymer and ion-alcohol 72 

interactions). Further, the ion-alcohol flux coupling is being suppressed by pendant PEG group 73 

(Fig. 1(D,E), ion-alcohol-polymer interaction). 74 
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 75 
Fig. 1. Schematic depiction of NaOAc diffusion in (A,D) PEGDA-PEGMA, (B,E) PEGDA-76 
AMPS/PEGMA, and (C,F) PEGDA-AMPS in (A-C) single and (D-F) co-diffusion with MeOH. 77 
Figures are reprinted from [7,9,10]with permission from Elsevier. 78 
 79 

We measure permeabilities and solubilities of these films to MeOH and NaOAc in one- 80 

and two-component experiments and calculate diffusivities based on the solution-diffusion model 81 

(Eq. 1) to fully capture the transport behavior of this emergent transport behavior. As a dense 82 

membrane, molecular transport in IEMs is often described by the solution-diffusion model [19], 83 

which describes the overall solute transport is dependent on the sorption into the membrane and 84 

diffusion through the fractional free volume within the polymer matrix: 85 

  (1) 

where 𝑃! is the permeability to solute i, 𝐷! is the diffusivity to solute i, and 𝐾! is the solubility to 86 

solute i. The permeability often changes in multi-solute transport as the presence of co-solutes 87 

affect both sorption (i.e. competitive sorption [20]) and diffusion (i.e. ion hydration [21] (free 88 
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volume theory [11,22]), flux coupling [9,18] and charge screening [9]). Here, the impact of a 89 

pendant PEG chain (PEGMA) on the co-transport of two CO2 reduction products (e.g. OAc- and 90 

MeOH) through a series of sulfonated PEGDA-AMPS-based films is studied. 91 

 92 

2. Experimental methods 93 

2.1. Materials 94 

Methanol (MeOH, 99.8 %), sodium chloride (NaCl), sodium hydroxide beads (NaOH), and 95 

phenolphthalein indicator solution were purchased from British Drug House (BDH®) Chemicals 96 

(Poole, UK) and sodium acetate (NaOAc, 99 %) was purchased from ACS Chemical Inc. (Point 97 

Pleasant, NJ). Poly(ethylene glycol) diacrylate (PEGDA, n = 13, where n represents the number 98 

of ethylene glycol repeat units) and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS, 99 %) 99 

were purchased from Sigma-Aldrich Chemicals (St. Louis, MS). Poly(ethylene glycol) 100 

methacrylate (PEGMA, n = 5) was purchased from Polysciences Inc. (Warrington, PA). 1-101 

Hydroxyl-cyclohexyl phenyl ketone (HCPK, photoinitiator) was purchased from Tokyo Chemical 102 

Industry (Japan). All water used in this investigation was Type-1 deionized water produced by a 103 

Waterpro BT Purification System from Labconco® (18.2 mΩ cm at 25 °C, 1.2 ppb TOC) (Kansas 104 

City, MO). 105 

 106 

2.2. Film formation 107 

The detailed procedure on film formation is described in our previous work  [7,10,13,14,23–26]. 108 

A total of 9 dissimilar membranes were prepared by UV-photopolymerization of 109 

prepolymerization mixtures, as shown in Fig. 2 and Table 1. All membranes contain 68 mol% of 110 

PEGDA (crosslinker) with the remaining 32 mol% varied between AMPS (A, comonomer) and 111 
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PEGMA (M, comonomer), namely PEGDA-PEGMA (-M, Fig. 2(A)), PEGDA-AMPS/PEGMA 112 

(-A/M, Fig. 2(B)), and PEGDA-AMPS (-A, Fig. 2(C)). Each composition was prepared with three 113 

different prepolymerization water contents, 20, 40, and 60 wt.%, and HCPK, 0.1 wt.% of polymer, 114 

as shown in Table 1. In the film name (#-X), # represents the wt.% of the prepolymerization water 115 

content and X represents the pendant groups (AMPS (A) and/or PEGMA (M)). For example, 40-116 

A/M denotes the film prepared with PEGDA (68 mol%), AMPS (16 mol%), and PEGMA (16 117 

mol%) with 40 wt.% of prepolymerization water content [7,13,14,23–26]. Essentially complete 118 

conversion has been determined as the mass of polymer network-forming monomers in the 119 

prepolymerization mixtures accords with the mass of the films after vacuum drying at 50 °C 120 

following 5 days of swelling in DI water within ~99 % [7,14,25,26]. 121 

 122 
Fig. 2. Scheme of (A) PEGDA-PEGMA (-M), (B) PEGDA-AMPS/PEGMA (-A/M), and (C) 123 
PEGDA-AMPS (-A) films. 124 
 125 

  126 
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Table 1. Membrane properties from pre-polymerization mixtures 127 

aAMPS = mol of AMPS/(mol of PEGDA + mol of AMPS + mol of PEGMA) × 100 % 128 
bPEGMA = mol of PEGMA/(mol of PEGDA + mol of AMPS + mol of PEGMA) × 100 % 129 
 130 

2.3. Ionic conductivity measurements 131 

In-plane conductivity of all films was measured using a four-point conductivity cell (BekkTech 132 

BT-110) employed with a Gamry Interface 1000 potentiostat [7]. A rectangular section of the film 133 

(length: >1.0 cm, width: 0.5 cm, W) was cut and placed in the conductivity cell. The cell was then 134 

placed in water (500 mL), and electrochemical impedance spectroscopy (EIS) was performed after 135 

stabilization of the open circuit potential (frequency: 10 Hz-1 MHz, AC voltage: 10 mV). The EIS 136 

data has been analyzed in Gamry Echem Analyst software and the resistance, R (Ω), was obtained 137 

from the Nyquist plot. The ionic conductivity, σ, was measured as follows: 138 

 
 

 
(2) 

where L, W, and T are the distance between two electrodes (0.5 cm), the width, and the thickness 139 

of the film, respectively. 140 

 141 

2.4. Water content 142 

Water uptake was measured gravimetrically. A 0.75-inch diameter hole punch was used to cut 143 

each hydrated film. The mass of the hydrated films, 𝑊", were measured after quickly blotting them 144 

  
AMPSa 
(mol%) 

PEGMAb 
(mol%) 

PEGDA 
(g) 

AMPS  
(g) 

PEGMA 
(g) 

Water  
(g) 

HCPK  
(g) 

20-M 0 32 6.71 0.00 1.29 2.00 0.008 
20-A/M 16 16 6.86 0.48 0.66 2.00 0.008 
20-A 32 0 7.02 0.98 0.00 2.00 0.008 
40-M 0 32 5.03 0.00 0.97 4.00 0.006 
40-A/M 16 16 5.15 0.36 0.49 4.00 0.006 
40-A 32 0 5.27 0.73 0.00 4.00 0.006 
60-M 0 32 3.35 0.00 0.65 6.00 0.004 
60-A/M 16 16 3.43 0.24 0.33 6.00 0.004 
60-A 32 0 3.51 0.49 0.00 6.00 0.004 
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with tissue paper. The films were then dried under a vacuum at 50 °C for 24 hours and the mass 145 

of the dried film, 𝑊#, measured [6]. The water uptake, 𝜔$, was calculated as follows: 146 

 
  

 
(3) 

where 𝑊" is the mass of the swollen film and 𝑊# is the mass of the dried film.  147 

 Film density was measured by buoyancy method with a density kit (ML-DNY-43, Mettler 148 

Toledo) coupled with a scale (ML204T, Mettler Toledo) [12]. The density, ρp, was calculated as 149 

follows: 150 

 

  

 
(4) 

where ρL is the density of water (997.8 kg/m3 at 22 ⁰C), ρ0 is the density of air (1.225 kg/m3), W0 151 

is the weight of the dried film in air, and WL is the weight of the film in water. 152 

 Water volume fraction, ϕw, was calculated as follows: 153 

 

  

 
(5) 

 154 

2.5. Storage modulus 155 

The storage modulus (E’) of all compositions were measured by 3-point bending with a dynamic 156 

mechanical analyzer (DMA, TA Instruments RSA III) [27,28]. 2-mm spacers were used to prepare 157 

the all the films. After formation the films were then hydrated in a DI water for at least 5 days and 158 

the vacuum dried at 50 ⁰C for 24 hours. The dried films were then cut into rectangular shapes with 159 

a dimension of approximately 10×20 mm. The storage modulus of each film was then measured 160 

with a DMA at a heating rate of 1 ⁰C/min from 23 to 30 ⁰C (rubbery plateau) at a test frequency of 161 

1 Hz. 162 

 163 
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2.6. Ion Exchange Capacity 164 

Ion exchange capacity (IEC, mmol/g) was measured using a titration method [29–31]. A 2-inch 165 

diameter hole punch was used to cut 3 hydrated films. The films were then dried in a vacuum oven 166 

at 50 °C for 24 hours. The mass of the dried films, 𝑊#, were measured. Each dried film was placed 167 

in 1 M NaCl solution (50 mL) for 2 days. Next, 3 to 5 drops of phenolphthalein indicator were 168 

added to each solution. Finally, 0.1 M NaOH solution was added dropwise until the color of the 169 

solution remains pink. The IEC was measured as follows: 170 

 
  

 
(6) 

where 𝑉%&'(  is the volume of NaOH solution added, 𝐶%&'(  is the concentration of the NaOH 171 

solution (0.1 M), and 𝑊# is the mass of the dried films. 172 

 173 

2.7. Sorption-desorption experiments 174 

The solubilities of each membrane to MeOH and NaOAc were measured for both single solutes 175 

and for co-sorption in aqueous solutions by the sorption-desorption technique [6,7,32–34]. A 0.75-176 

inch diameter hole punch was used to cut 9 films from each membrane. Each film was then quickly 177 

blotted with a tissue paper and immersed in a solution vial (15 mL), where a total of 9 solution 178 

vials consists of three 1 M MeOH, three 1 M NaOAc, and three 1 M of each were prepared. All 179 

films were placed in the solution vials for 3 days and the solution was replaced daily. A digital 180 

caliper (±1 μm) was used to measure the film thickness by finding an average of five random 181 

locations and ImageJ software (National Institutes of Health, MD) was used to calculate the area 182 

of the films from digital photographs. Each film was then quickly blotted dry and immersed in a 183 

vial of DI water (10 g) for 3 days. The solution from each vial was then transferred to a high-184 

performance liquid chromatography (HPLC) employed with a refractive index detector, Aminex 185 
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HPX-87H column (Bio-Rad, Hercules, CA) to determine the solute concentration in each 186 

desorption solution [34]. Briefly, the column temperature was maintained at 60 °C, the mobile 187 

phase was composed of 5 mM sulfuric acid in deionized water running at 0.55 mL/min, and the 188 

injected sample size was 10 µL. The solubility of each solute in the film was calculated as: 189 

 

  

 
(7) 

where 𝐶!"  is the concentration of the solute i in the external solution (1 M) and 𝐶!)  is the 190 

concentration of the solute i in the film, which is the product of the concentration of the solute i of 191 

the desorption solution and the volume of the desorption solution (10 mL) divided by the volume 192 

of solution-soaked films. 193 

 194 

2.8. Diffusion cell experiments 195 

A more detailed experimental method is thoroughly discussed elsewhere [7,9,10,12,33,34]. Briefly, 196 

MeOH and NaOAc permeabilities in hydrated films were measured using a temperature jacketed 197 

custom-built diffusion cell coupled with an in-situ ATR-FTIR probe (Mettler-Toledo ReactIR™ 198 

15 with a shallow tip 9.5 mm DSun AgX DiComp probe) to detect the evolving MeOH and NaOAc 199 

concentration in the receiver cell. The feed cell was initially filled with either 1 M of MeOH, 1 M 200 

of NaOAc, or 1 M of each solute, while the receiver cell was initially filled with DI water. The 201 

time-resolved concentrations of each solute were measured from the time-resolved absorbances 202 

acquired from the solution in the receiver cell and fitted to Yasuda’s model [35,36] to calculate 203 

the permeability. The osmotic diffusion of water from the receiver cell to the feed cell was 204 

neglected in this study as the difference due to osmotic diffusion was within the experimental error 205 

for identical solutions in Nafion® 117 [6]. 206 

 207 
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3. Result and Discussion 208 

A series of PEGDA-PEGMA (20, 40, 60-M), PEGDA-AMPS/PEGMA (20, 40, 60-A/M), and 209 

PEGDA-AMPS (20, 40, 60-A) films were prepared with varying water content in 210 

prepolymerization mixtures, 20, 40, and 60 wt.%, to investigate the effect of uncharged pendant 211 

comonomer, PEGMA (M), sulfonated pendant group, AMPS (A), and the free volume on solute 212 

and multi-component transport behavior. We evaluate the similarities and the differences in 213 

solubilities, permeabilities, and diffusivities of these polymer matrices in one- and two-component 214 

transport behavior. 215 

 216 
3.1. Ionic conductivity, IEC, and water volume fraction 217 

The ionic conductivity of the prepared membranes was measured yielding the results shown in Fig. 218 

3(A) and Table 2. Ionic conductivities of all AMPS-free films (20, 40, 60-M) are zero, indicating 219 

they are not ionically conductive, as expected, due to the absence of charged moieties. The ionic 220 

conductivity of AMPS-containing films (20, 40, 60-A/M and -A) increases with increasing AMPS 221 

content. Similarly, the ion exchange capacity (IEC) of each film increases with increasing AMPS 222 

content as more counterions (H+) are retained within the polymer matrix due to the membrane-223 

bound sulfonates. Notably, the differences between measured and theoretical IEC of membranes 224 

are close, where the largest difference was observed in 40-A by 8 %, as shown in Table 2. 225 

 The water volume fraction of all films was measured as shown in Fig. 3(B) and Table 2. 226 

Generally, the water volume fraction was increased with increasing AMPS content. This is likely 227 

due to the increase in the water content as the hydration number (λ, H2O/ion) of the sulfonate anion 228 

(12-16 [37]) is larger than that of the pendant PEG (n = 5) group (< 10 [38]). Moreover, the water 229 

volume fraction increases with increasing prepolymerization water content (from 20 to 60 wt.%). 230 

Similar behavior has been observed by Ju et al. [23], where the water volume fraction of 231 
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crosslinked PEGDA films prepared with 40 and 60 wt.% prepolymerization water content were 232 

higher than that of the films prepared with 20 wt.% by 23 and 49 %. This is presumably due to a 233 

reduction in crosslink density (as indicated from the storage modulus). Assuming the crosslinker 234 

(PEGDA) and the photoinitiator (HCPK) are fully dissolved in solvent (water), the 235 

prepolymerization mixture will become an isotropic hydrogel, where the crosslinks will be evenly 236 

dispersed through the film and, therefore, free volume elements (initially filled with water) will 237 

also be evenly dispersed. 238 

 The ionic conductivities increase with increasing water volume fractions; see Fig. 3 (C). 239 

This is partially linked with Robeson’s upper bound relationship for CEMs [39], which explains 240 

the transport of protons within the negatively-charged CEMs are limited by the amount of water 241 

within the polymer network because the free volume element (as represented by the water volume 242 

fraction) is the transport medium for protons and the films with less amount of the free volume 243 

element will allow less number of protons to transport [12,13,23,31]. 244 

  245 
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 246 

 247 
Fig. 3. (A) Ionic conductivities and (B) water volume fractions of all films, 0 (M), 16 (A/M), and 248 

32 mol% (-A) of AMPS content, prepared with 20 (▽, red, solid line), 40 (○, orange, dashed) 249 

and 60 wt.% (△, green, dotted) of prepolymerization water content. (C) Ionic conductivities to 250 
water volume fractions. (D) Storage modulus to water volume fractions. Each data point is the 251 
average of 3 membranes with error bars corresponding to the standard deviation. Lines are present 252 
as a guide to the eye. 253 
 254 

Table 2. Ionic conductivity, ion exchange capacity, water volume fraction, storage modulus of 255 
all films 256 

  
AMPS  
(mol%) 

Conduc-
tivity (σ, 
mS/cm) 

Theoretical 
IEC (meq/g  

dry polymer)a 

Measured 
IEC (meq/g  

dry polymer) 

Water  
volume  
fraction 

Storage 
modulus 
(MPa) 

20-M 0 0 ± 0 - - 0.467 ± 0.002 19.9 
20-A/M 16 8 ± 0 0.29 0.32 ± 0.00 0.545 ± 0.006 17.9 
20-A 32 18 ± 0 0.59 0.60 ± 0.01 0.605 ± 0.006 16.9 
40-M 0 0 ± 0 - - 0.529 ± 0.005 16.6 
40-A/M 16 9 ± 0 0.29 0.32 ± 0.00 0.580 ± 0.000 11.6 
40-A 32 23 ± 0 0.59 0.62 ± 0.00 0.635 ± 0.003 9.7 
60-M 0 0 ± 0 - - 0.624 ± 0.004 9.0 
60-A/M 16 10 ± 0 0.29 0.34 ± 0.01 0.668 ± 0.002 7.1 
60-A 32 23 ± 0 0.59 0.60 ± 0.01 0.685 ± 0.003 3.4 

aTheoretical IEC = mmol of AMPS/(mass of PEGDA + mass of AMPS + mass of comonomer) 257 

 258 
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3.2. Dynamic mechanical analysis 259 

The storage modulus of all films at the rubbery plateau is shown in Fig. 3(D) and Table 2. 260 

Generally, the storage modulus of the films decreases with increasing the prepolymerization water 261 

content. For instance, the storage moduli of the films prepared with 20 wt.% prepolymerization 262 

water content are higher than those of with 40 and 60 wt.% prepolymerization water content by 263 

1.4 and 2.8 times, on average. Moreover, the storage modulus of the films decreases with 264 

increasing AMPS content. For example, the storage moduli of the films prepared without AMPS 265 

(20, 40, 60-M), is higher than those of with 16 and 32 mol% AMPS contents (20, 40, 60-A/M and 266 

-A), by 1.2 and 1.5 times, on average.  267 

 The storage modulus of a crosslinked film is a proxy to understand the crosslink density 268 

(crosslinks per unit volume, mol/cm3) of the film [40]. For instance, Flory’s rubber elasticity 269 

relationship is often utilized as a proxy to the crosslink densities, νe, of the films [40]: 270 

 
  

 
(8) 

where E’ is the storage modulus (MPa), R is the gas constant (8.314 cm3 MPa/K mol), and T is the 271 

temperature (298.15 K). This relationship suggests the crosslink density of the films decrease with 272 

either increasing prepolymerization water content [13,23,41] or with increasing AMPS content 273 

[14,25]. Lastly, as the free volume often increases with a decreasing the crosslink density, the 274 

water volume fraction is a reasonable proxy to estimate the free volume within these films 275 

[13,23,41]; see Fig. 4(D). 276 

 277 

3.3. Single and Multi-solute Permeability 278 

The diffusive permeabilities of all membranes to MeOH and NaOAc in single and co-permeation 279 

were measured via diffusion cell experiments; see Supporting information Figure S1 for exemplary 280 
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with higher prepolymerization water content (and thereby free volume) could thereby be a result 304 

of increased interaction as the permeation of NaOAc increases. 305 

 Generally, permeabilities to NaOAc were distinctly increased in films prepared with higher 306 

water contents. NaOAc permeabilities of films prepared with 40 and 60 wt.% were higher than 307 

those of films prepared with 20 wt.% water content by 1.2 and 2.2 times, respectively, on average. 308 

A contribution to these increases in NaOAc permeabilities is due to the difference in NaOAc 309 

solubilities, where the solubilities of these films were increased with the increasing 310 

prepolymerization water content and correspondingly the water volume fractions of the film. 311 

NaOAc permeabilities were about 5 times smaller than MeOH permeabilities on average. This 312 

behavior is partially due to diffusion [24] as the kinetic diameter of MeOH (3.6 Å [43]) is smaller 313 

than the hydrated diameters of dissociated ions, such as Na+ ion (7.16 Å [44]) and OAc- ion (7.44 314 

Å [45,46]).  315 

 In co-permeation, NaOAc permeabilities were increased in PEGMA-free films (20, 40, 60-316 

A) by 1.11 times, on average, while they were decreased in PEGMA-containing films (20, 40, 60-317 

M and -A/M) by 1.15 times on average. This increased permeability in -A films is possibly a result 318 

of the flux coupling [6,7,10,12] where the diffusion of NaOAc is facilitated by a fast-diffusing 319 

MeOH upon a flux coupling. Another contribution is the charge screening by MeOH [9,17], which 320 

is a conjecture that the electrostatic interaction between bound charge group and mobile ion can 321 

be suppressed by co-diffusing alcohol. However, these are likely not the only contributing 322 

phenomena as other factors (hydration number of dissociated ions [16,47], feed concentration [6], 323 

relative permittivity [48,49], etc.) can also have a role in this emergent behavior. The observed 324 

decrease in permeability of PEGMA-containing films (20, 40, 60-M and -A/M) to NaOAc in co-325 

permeation is potentially a consequence of the flux coupling between MeOH and NaOAc being 326 



  

19 
 

suppressed by the pendant PEO from PEGMA (solute-solute-chain interaction). Similar behavior 327 

has been observed in a previous investigation [10] where NaOAc permeabilities of films with long 328 

pendant PEO side chains were consistent in co-permeation with MeOH, while those of films with 329 

a shorter pendant group (carboxyl or ethylene oxide) were significantly increased in co-permeation. 330 

This conjected solute-solute-chain interaction in the co-permeation of NaOAc will further be 331 

discussed in the following section. 332 

 333 

3.5. Single and Multi-solute Solubility 334 

The solubilities of MeOH and NaOAc in all films are shown in Supporting information Table S4, 335 

Figure S2, and Fig. 5. Membrane volumes were calculated before and after the sorption 336 

experiments by measuring the film thickness, the average of 5 random locations measured with a 337 

digital caliper (± 1 µm), and the area, a digital photograph coupled with ImageJ software (National 338 

Institutes of Health, MD) [25]; see Supporting information Table S1 for values. While all films 339 

did not experience significant swelling or deswelling during sorption experiments to MeOH [7,24], 340 

they experienced slight deswelling during sorption experiments to NaOAc, where the degree of 341 

deswelling increases with an increase in AMPS content. For instance, the average volumetric 342 

deswelling of PEGDA-PEGMA (20, 40, 60-M), PEGDA-AMPS/PEGMA (20, 40, 60-A/M), and 343 

PEGDA-AMPS (20, 40, 60-A) films after sorption in 1 M NaOAc containing solutions were 1.05, 344 

1.11, and 1.16 times, respectively. This osmotic deswelling is due to the presence of the acetate 345 

salts leading to the transport of water out of the membrane at varying degrees due to the presence 346 

of membrane-bound ions (AMPS) within the membrane. [6,32].  347 

In single sorption, MeOH solubilities of films generally increase with increasing water 348 

volume fraction, see Fig. 5(A). For instance, MeOH solubilities of the films prepared with 20 wt.% 349 
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of prepolymerization water content are less than those with 40 and 60 wt.% of the 350 

prepolymerization water content by 1.08 and 1.26 times, respectively, on average. Moreover, 351 

MeOH solubilities of films prepared without AMPS (20, 40, 60-M) are less than those with 16 (20, 352 

40, 60-A/M) and 32 mol% of AMPS content (20, 40, 60-A) by 1.06 and 1.13 times, respectively, 353 

on average. Similar behavior has been reported by Galizia et al., where they observed MeOH 354 

solubilities (Sorption solutions: 0.1-12 M) of crosslinked PEGDA films (prepared with 0, 20, and 355 

60 wt.% of prepolymerization water contents) to be increased with increasing water content [24]. 356 

This indicates the MeOH-polymer interaction is less favorable than the MeOH-water interaction 357 

in sorption.  358 

We observe a different behavior in co-sorption with NaOAc, where MeOH solubilities of 359 

the films prepared with 20 wt.% of prepolymerization water content are less than those with 40 360 

and 60 wt.% of prepolymerization water content by 1.09 times and 1.07 times, respectively, on 361 

average. Also, MeOH solubilities of the films prepared in absence of AMPS are less than those 362 

with 16 and 32 mol% of AMPS content by 1.13 and 1.08 times, respectively, on average. This 363 

indicates the MeOH-polymer interaction is less apparent in co-sorption. 364 

In single sorption, NaOAc solubilities of films generally increase with increasing 365 

prepolymerization water content, where films prepared with 20 wt.% of prepolymerization water 366 

content are less than those with 40 and 60 wt.% prepolymerization water content by 1.67 and 3.04 367 

times, respectively, on average. Similar behavior has been reported by Jang et al., where they 368 

observed solubilities (for sorption solutions of 0.01-1 M) of crosslinked PEGDA films (prepared 369 

with 0, 20, and 40 wt.% of prepolymerization water contents) to various salts (i.e. NaCl, KCl, and 370 

LiCl) to increase with increasing water content [27]. This indicates the NaOAc-polymer interaction 371 

is less favorable than the NaOAc-water interaction in sorption. On the other hand, NaOAc 372 
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solubilities of films are generally decreased with increasing AMPS content, where films prepared 373 

without AMPS have higher solubilities than those with 16 and 32 mol% of the AMPS content by 374 

1.08 and 1.13 times, respectively, on average. Similar behavior has been reported by Yan et al, 375 

where they observed the solubilities (for sorption solutions of 0.01-1 M) of crosslinked PEGDA-376 

AMPS films (prepared by varying PEGDA to AMPS ratio at a constant prepolymerization water 377 

content, 25 wt.%) to NaCl to decrease with increasing AMPS content [25]. This indicates the 378 

NaOAc-polymer interaction is significant, as the electrostatic repulsion (Donnan exclusion [8]) 379 

between bound sulfonate anions (AMPS) and mobile acetate anions (OAc-) is considerable. The 380 

effect of electrostatic interactions between a negatively-charge ion (chloride) and a charged 381 

segment (sulfonate) in crosslinked PEGDA-AMPS membranes has also been investigated by Yu 382 

et al. [50], where they found the increasing electrostatic interactions in strongly charged 383 

membranes, such as those examined herein, led to decreased chloride solubility. For very strongly 384 

charged membranes both the ideal Donnan equilibrium model [8] and Manning’s limiting law [51] 385 

were able to capture this behavior, while a polyelectrolyte non-random two-liquid (NRTL) model 386 

[52], which included both long-range electrostatic interactions (polyion-ion and ion-ion) and short-387 

range interactions [53], was better able to capture the behavior across varied membrane charge 388 

content and external solution salt content. The reduced solubility of OAc- in the AMPS-containing 389 

films (20, 40, 60-A and-A/M) is thereby attributable to the analogous electrostatic interactions 390 

between the negatively-charged OAc- and bound sulfonate. 391 

We observe similar behavior in co-sorption with MeOH, where NaOAc solubilities of the 392 

films prepared with 20 wt.% of prepolymerization water content are less than those with 40 and 393 

60 wt.% of prepolymerization water content by 1.85 times and 3.07 times, respectively, on average. 394 

Also, NaOAc solubilities of the films prepared in absence of AMPS was higher than those with 16 395 
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within the films, while those of the films prepared with either 40 or 60 wt.% of water content 440 

increase with increasing AMPS content; see Fig.6 (A). One possible cause of this behavior is the 441 

pendant sulfonate group may act as a bulky obstruction, especially at a low water volume fraction. 442 

However, this behavior requires further investigation. 443 

In co-diffusion, MeOH diffusivities of the films prepared with 20 and 40 wt.% decrease by 444 

1.12 and 1.17 times, respectively, on average; see Fig. 6(A). We reported similar behavior in both 445 

CEMs [9] and anion exchange membranes [17]. To rationalize this behavior, we conjectured the 446 

diffusional path of fast-diffusing MeOH being obstructed by slow-diffusing NaOAc (Competitive 447 

diffusion). Here, we augment this conjecture such that this co-diffusive behavior remains 448 

consistent in films with longer, pendant PEO chains. Interestingly, MeOH diffusivities of the films 449 

prepared with both PEGMA and AMPS (-A/M) are higher than those with either PEGMA (-M) or 450 

AMPS (-A) in single diffusion, but -A/M diffusivities to MeOH are less than -M and -A 451 

diffusivities in co-diffusion. One possibility is a steric effect between PEGMA and AMPS (chain-452 

chain interaction) that is in favor of the diffusion of MeOH. However, the impact of chain-chain 453 

interactions might be suppressed in co-diffusion as the diffusant-diffusant interaction (competitive 454 

diffusion) is more apparent on the diffusion of MeOH. On the other hand, MeOH diffusivities of 455 

the films prepared with 60 wt.% in co-diffusion are essentially the same as those in single diffusion. 456 

This indicates the competitive diffusion is more apparent in films with less water volume fraction 457 

(free volume). 458 

Similar to MeOH diffusivities, NaOAc diffusivities increase with increasing water volume 459 

fraction. For instance, NaOAc diffusivities of 20- films are less than those of 40- and 60- films by 460 

1.3 and 1.8 times, respectively, on average, in single diffusion. Similar behavior has been reported 461 

by Jang et al., where they observed diffusivities (for feed solutions of 0.01-1 M) of crosslinked 462 
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PEGDA films (prepared with 0, 20, and 40 wt.% prepolymerization water content) to various salts 463 

(i.e. NaCl, KCl, and LiCl) to increase with increasing water content [58]. Again, NaOAc 464 

diffusivities of 20- films are less than those of 40- and 60- films by 1.3 and 2.0 times, respectively, 465 

on average, in co-diffusion with MeOH. Moreover, NaOAc diffusivities of the films prepared with 466 

20 wt.% of water content decrease with decreasing AMPS content within the films; see Fig.6 (B). 467 

Again, this is presumably due to the pendant sulfonate group act as a blocking group to suppress 468 

the solute diffusion. 469 

For the films prepared with 20 and 40 wt.% prepolymerization water content, NaOAc 470 

diffusivities of -M films and -A/M films decrease by 1.4 and 1.2 times, respectively, on average, 471 

and those of -A films increase by 1.2 times, on average, in co-diffusion with MeOH; see Fig. 6(B). 472 

We reported the increase of NaOAc diffusivities in co-diffusion with MeOH in CEMs [6,9]. To 473 

rationalize this behavior, we conjectured the electrostatic repulsion (Donnan exclusion [8]) 474 

between bound sulfonate anions and mobile OAc- is screened by co-diffusing MeOH (Charge 475 

screening by co-diffusant, [6,9,10,16]); see Fig. 1(F). Recently, Katzenberg et al. investigated the 476 

water-alcohol interaction in Nafion (commercial CEM), where they suggested alcohols may 477 

penetrate between the water and polymer interfaces as the alcohol-polymer affinity is stronger than 478 

the water-polymer affinity (non-uniform distribution of water-alcohol in CEM) [59]. This can be 479 

a contribution to suppress the electrostatic interaction between OAc- and polymer (sulfonate-), as 480 

the alcohol (less polar)-polymer (less polar) affinity can be stronger than the OAc-(polar)-polymer 481 

affinity. The decrease of NaOAc diffusivities in co-diffusion with MeOH is an emergent transport 482 

behavior. Previously, we reported the NaOAc permeabilities of 20-M and 20-A/M being consistent 483 

in co-permeation with MeOH, while those of analogous films prepared with a shorter comonomer 484 

(either acrylic acid or hydroxyethyl methacrylate) were significantly increased in co-permeation 485 
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with MeOH [10]. To rationalize this behavior, we conjectured (1) the electrostatic repulsion 486 

between bound sulfonate and OAc- is screened by long pendant PEO chains even in single 487 

permeation (charge screening by chains, Fig. 1(B)) and (2) flux coupling with co-permeating 488 

MeOH has been suppressed by long pendant PEO chains (Fig. 1(D,E)). Here, we augment these 489 

conjectures as diffusion-based transport behaviors. Moreover, the results from this investigation 490 

validate the addition of a charge-neutral pendant group in a charged IEM as a valid strategic 491 

approach to suppress the crossover of undesired molecules (i.e. MeOH and OAc- in CO2 reduction 492 

cells).  493 

For 60- films, NaOAc diffusivities of -M films and -A/M films decrease by 1.1 and 1.1 494 

times, respectively, on average, and those of -A films increase by 1.1 times, on average, in co-495 

diffusion; see Fig. 6(B). This indicates both the electrostatic repulsion (sulfonate-OAc-) and the 496 

flux coupling (MeOH-NaOAc) are more apparent in films with less water volume fraction (free 497 

volume). While these new findings may serve as practical tools for designing target-specific 498 

membranes, more fundamental investigations (i.e. Maxwell-Stefan [60], dielectric constant [61], 499 

internal structure [13,62], etc.) can be valuable to fully capture these complex multicomponent 500 

transport behaviors in IEMs. 501 

 502 

4. Conclusions 503 

A series of PEGDA-PEGMA (-M), PEGDA-AMPS/PEGMA (-A/M), and PEGDA-AMPS (-A) 504 

films with varied prepolymerization water contents (20, 40, and 60 wt.%) were prepared.  Water 505 

volume fractions and ionic conductivities are measured to describe the transport behavior within 506 

these AMPS-free dense membranes (-M) and AMPS-containing cation exchange membranes (-507 

A/M and -A). Permeabilities and solubilities to MeOH and NaOAc are measured in one- and two-508 
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component diffusion cell experiments and diffusivities are calculated from the solution-diffusion 509 

relationship. In one-component transport, both MeOH and NaOAc permeabilities are increased 510 

with increasing water volume fractions. However, NaOAc permeabilities of PEGMA-free films (-511 

A) to NaOAc are increased and those of PEGMA-containing films (-M and -A/M) are decreased 512 

in co-permeation with MeOH. We postulate that the introduction of both diffusant-diffusant 513 

interactions (MeOH-NaOAc) and diffusant-diffusant-chain interactions (MeOH-NaOAc-PEGMA) 514 

leads to these changes in permeation behavior and that the presence of the pendant PEGMA side 515 

chains is principally responsible for this emergent behavior by suppressing the electrostatic 516 

repulsions between bound sulfonate anions and mobile OAc-. Lastly, for both MeOH and OAc- 517 

we find the primary driver in differences in membrane permeability to be through changes in 518 

diffusion compared to changes in sorption behavior. Additional insights from computational 519 

approaches to simulate these multi-component transport or the development of experimental 520 

approaches to probe this behavior are needed. Overall, this investigation advances a preliminary 521 

understanding of how varied membrane physiochemical properties lead to differences in emergent 522 

transport behavior for charged polymer networks challenged with solutes and complex mixtures 523 

of solutes. 524 
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