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Abstract 

Fundamental understanding of water transport and morphology is critical for improving ionic 

conductivity in polymer membranes. In a series of random copolymer anion exchange and cation 

exchange membranes, we systematically investigate the influence of counterion type, sidechain 

type, and degree of ionic functionalization on water transport using NMR diffusometry. Time-

dependent water diffusion measurements reveal micron-scale heterogeneity of the hydrophilic 

network in these random copolymers. We propose a model in which the hydrophilic domain 

network in these membranes has micron-scale distributions of local nm-scale dead ends, leading 

to changes in tortuosity as a function of water content and membrane composition. We furthermore 

parse tortuosity into two length-scale regimes, one regime from nanometer (local) to bulk and 

another from micrometer to bulk, offering enhanced discrimination of the multi-scale 

morphological structures that influence bulk transport. This study thus provides new insights into 

ionic polymer membrane morphology and diffusion behavior, with the ultimate goal of controlling 

polymeric materials for enhanced fuel cells and other separations applications. 
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Introduction 

Deploying clean energy in place of fossil fuels to reduce carbon dioxide emissions 

represents a grand challenge of the 21st century. Among emerging technologies, fuel cells show 

tremendous potential as new energy conversion devices because fuel cells can be zero-emission 

devices and are not limited by the Carnot cycle.1 Fuel cells can be classified as operating at low (< 

100◦C), medium (100 - 200◦C), or high (500-1000◦C) temperature.2 Low-temperature fuel cells 

offer an attractive alternative for producing power that is safe and environmentally friendly for 

vehicles.3 The most popular commercial low-temperature fuel cell technology currently available 

relies on proton exchange membranes or PEMs, such as Nafion®.4 Due to the acidic environment 

inside a PEM, these fuel cells usually require precious metals such as platinum (Pt) as anode and 

cathode catalysts, which is presently the primary determinant of fuel cell cost. While initial results 

on development of non-Pt catalysts appear promising,5-6 more studies are needed to reduce the 

overall price of PEM-based fuel cells.7-8   

Alternatively, anion exchange membranes (AEMs) are currently under investigation to 

reduce fuel cell cost by facilitating the use of cheaper catalyst metals, such as nickel or silver.9-10  

Thus, AEMs have received increasing attention from the scientific community.11-12 Although more 

than 100 different AEM materials have been reported, examples that can meet all the requirements 

needed for durable and practical fuel cells are not yet established.13-16 

Water transport as a function of water uptake is a crucial topic for both AEM and PEM 

fuel cells.17 While researchers have extensively studied relationships between water uptake, water 

diffusion, and conductivity in PEMs,18-21 systematic research on this topic is limited for AEMs. In 

2014, Kreuer et al. reported anion and water transport in poly(arylene ether) membranes with 

benzyl-tethered quaternary ammonium (QA) cations.22 They found that even with relatively high 
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hydration (number of waters per ionic group, λ ~ 10), the diffusion of water in AEMs under CO2-

free conditions is approximately a factor of 2 lower than in cation exchange membranes (CEMs). 

Furthermore, at lower water uptake (λ < 10), the extracted diffusion coefficient of hydroxide in 

AEMs declined more rapidly than the diffusion coefficient of hydronium in PEMs, which they 

attributed to the less well-defined nanoscale morphology in aromatic AEMs and reduced 

hydroxide-ammonium pair dissociation in the AEMs. Zhao et al. studied the relationship between 

water uptake and the diffusion coefficient of water (DH2O) in commercial A201 AEM samples 

(Tokuyama, Japan).21 The measured DH2O in A201 membrane (~ 15) showed the same order of 

magnitude (10-10 m2/s) as that of similarly hydrated Nafion membranes (~ 15). Hibbs et al. also 

investigated transport property differences between AEMs and PEMs.23 While DH2O in AEMs 

(quaternary ammonium-functionalized polysulfone) was greater than in PEMs (sulfonated 

polyphenylenes), the ionic conductivity and pressure-driven water permeability of AEMs were 

lower than in PEMs. Herring et al. studied restricted diffusion (dependence of the diffusion 

coefficient of the mobile species on diffusion time) of water in AEMs.24 They explained that when 

the diffusion encoding time, Δ, (and thus the distance or diffusion length lD traveled by the water 

molecules) increased, DH2O decreased and reached a constant value when Δ ≥ 50 ms. Our group 

has studied the coupling of morphological heterogeneity and water diffusion in block copolymer 

PEMs21 as well as in PEM polyelectrolyte-PVDF blend membranes.19 In the latter study,19 we 

observed strong restricted diffusion when the blend components were not optimally 

compatibilized, and we quantified tortuosity of diffusion for a range of polymer compositions and 

water contents.  As ionic polymer membranes attract ever-increasing attention, new conceptual 

and methodological studies in this area are needed to better understand the ion and water transport 

properties (e.g., diffusion and tortuosity) of AEMs, and to develop robust models for the 
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hydrophilic network in AEMs that facilitates ion transport. Furthermore, determining the influence 

of chemical modifications such as alkyl sidechains and degree of ionic functionalization on 

morphology in AEMs, as well as correlating morphology with transport, will enable more 

informed design of new AEM systems. 

In pursuit of these goals, here we investigate the diffusion of water using pulsed-field-

gradient (PFG) NMR diffusometry in a systematic set of AEMs and PEMs as a function of varying 

diffusion time, Δ, and membrane composition. This study uncovers new information regarding the 

organization of hydrophilic pathways for transport inside these ionic polymer matrices. The AEMs 

consist of a series of cationic poly (2,6-dimethyl-1,4-phenylene oxide) (PPO) benzylquaternary 

ammonium AEMs with varying alkyl chain lengths.25 We compare these random copolymer 

AEMs to random copolymer anionic sulfonated poly(ether sulfone) membranes, as well as to the 

benchmark membrane Nafion.  In this work, we investigate anion-containing membranes with both 

H+ and K+ counterions (to parallel AEMs with OH- and Br- counterions), and so from this point 

forward we will term these cation exchange membanes or CEMs.  

Remarkably, we observe that DH2O in these random copolymer AEMs and CEMs decreases 

substantially with increasing Δ, revealing the presence of structural heterogeneities that restrict 

diffusion on the ~ 1 m diffusion length (lD) scale probed by the NMR diffusometry experiment.  

We define and extract two types of tortuosity values from these measurements (“micron-to-bulk 

tortuosity,” ℑμ−B  and “local-to-bulk tortuosity,” ℑL−B) that we use to understand transport 

behaviors that depend on membrane morphological structures ranging from nm to m scales. 

Finally, for each membrane chemical composition we measure DH2O as a function of water content 

(volume fraction, ) as well as diffusion time, Δ.  We explore commonalities between diffusion 

behaviors in AEMs and CEMs of similar chemical structures and counterion type.  
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We combine all of these measurements to investigate trends in transport spanning a range 

of polymer membrane compositions under different counterion and hydration conditions, as well 

as over different time (and length) scales. We draw from these trends to develop models for 

hydrophilic pathway connectivity and tortuosity behaviors as a function of membrane chemical 

composition and hydration level. Understanding such chemical structure-morphology-transport 

behaviors in polymer membranes using NMR diffusometry thus enhances our ability to target 

enhanced performance of AEMs for next generation fuel cells and other molecular and ionic 

separations applications.    

Materials and Methods 

Polymer membranes 

There are four series of samples described in this work: AEMs, synthesized in the bromide 

(Br-) form and then ion exchanged to hydroxide form (OH-), and CEMs, purchased from YANJIN 

Technology Co., Ltd. in the potassium (K+) form and then ion exchanged to proton form (H+). The 

CEMs are random copolymers of sulfonated poly(ether sulfone) with varying degrees of 

functionalization (DF) (percentage of monomers with ionic functionality) from 20% to 60%.26 The 

AEMs are random copolymers of cationic benzyltrimethyl quaternary ammonium poly(2, 6-

dimethyl-1,4-phenylene oxide) (PPO), with a fixed DF of 40%.25,15 The AEMs were cast in the Br- 

form, then converted from Br- to OH- by immersing in 1 M NaOH under N2 atmosphere for 48 

hours with thorough rinsing. Similarly, the CEMs were cast in the K+ form, then converted from 

K+ form to H+ form by immersing samples in 1 M HCl for 48 hours under ambient conditions. The 

chemical structures and sample information are shown in Scheme 1 and Table 1, respectively. 
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Scheme 1. Chemical structures of a) cationic quaternary ammonium poly(2,6-dimethyl-1,4-

phenylene oxide) (PPO) AEM (hydroxide and bromide form) and b) anionic sulfonated poly(ether 

sulfone) CEM (proton and potassium form).   

Table 1. Summary of sample information for anion exchange and cation exchange membranes. 

Type Sample 
Counter-

ion 

DF 

(%) 

IEC 

(meq/g) 

Wt.% H2O 

(Saturated) 

Vol. 

fraction 

H2O () 
 

AEM 

AEM_BTMAD40 (x = 1) 

(BTMA) 
OH- 40 2.67 130 0.62 27 

AEM_C6D40 (x=6) (C6) OH- 40 2.25 66 0.43 16 

AEM_C10D40 (x=10) (C10) OH- 40 2.00 46 0.34 13 

AEM_C16D40 (x=16) (C16) OH- 40 1.71 54 0.38 18 

AEM_BTMAD40 (x=1) 

(BTMA) 
Br- 40 2.28 33 0.29 8.0 

AEM_C6D40 (x=6) (C6) Br- 40 1.97 21 0.19 5.8 

AEM_C10D40 (x=10) (C10) Br- 40 1.77 19 0.18 5.9 

AEM_C16D40 (x=16) (C16) Br- 40 1.54 22 0.20 7.9 

CEM 

CEM_D60  (m=60) (D60) H+ 60 2.42 96 0.59 22 

CEM_D50 (m=50) (D50) H+ 50 2.08 65 0.48 17 

CEM_D40 (m=40) (D40) H+ 40 1.72 42 0.36 14 

CEM_D30 (m=30) (D30)   H+ 30 1.34 29 0.27 12 

CEM_D20 (m=20) (D20) H+ 20 0.93 68 0.46 41 

CEM_D60 (m=60) (D60) K+ 60 2.22 55 0.46 14 

CEM_D50 (m=50) (D50) K+ 50 1.93 30 0.30 8.6 

CEM_D40 (m=40) (D40) K+ 40 1.62 27 0.27 9.2 

CEM_D30 (m=30) (D30)   K+ 30 1.27 19 0.19 8.4 

CEM_D20 (m=20) (D20) K+ 20 0.89 41 0.33 26 

        

The IEC was calculated from the titrated equivalent weight of the polymer and compared 

with the IEC from the literature.25 Each sample name is expressed as follows.  The type of 
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membrane, AEM or CEM, is followed by the number of carbons in the alkyl chain (C6, C10, C16), 

then the degree of functionalization DF, then the counterion type. For example, 

AEM_C16D40_OH (C16_OH in short) refers to an anion exchange membrane with 40% 

functionalized monomers (DF), with an attached 16-carbon alkyl side chain, and in the hydroxide 

counterion form. CEM_D20_K (D20_K in short) refers to a cation exchange membrane with DF 

= 20%, no alkyl sidechain, and in the potassium counterion form. In total, there are 8 AEMs: 

BTMA, C6, C10, and C16 with each in OH- and Br- form, and 10 CEMs: D20, D30, D40, D50, 

and D60 with each in H+ and K+ form. 

NMR sample preparation 

Membranes were cut into 4 mm  4 mm sample pieces, stacked together (6-14 layers to 

enhance the NMR signal) and wrapped with PTFE tape. Each sample stack was soaked in 

deionized water for at least 48 hours to obtain saturated water uptake, then quickly blotted with a 

Kimwipe to remove surface water and wrapped in LDPE plastic food wrap. Finally, each sample 

was sealed inside a custom PTFE cell, designed for an 8 mm coil, with low dead (gas) volume19-

21 to eliminate water content changes during NMR analysis. An equilibration time of 30 min after 

sealing was used for membrane samples before NMR measurement. To control the water content, 

the sample was removed from the cell and left on the balance for water to evaporate until it 

achieved the desired mass (𝑚𝑎𝑠𝑠𝑤𝑒𝑡). After finishing the NMR experiments, each sample was 

dried in a vacuum oven at 60 °C overnight to obtain the dry mass (𝑚𝑎𝑠𝑠𝑑𝑟𝑦). Water content was 

determined using 

𝑤𝑡. % 𝐻2𝑂 =  
𝑚𝑎𝑠𝑠𝑤𝑒𝑡− 𝑚𝑎𝑠𝑠𝑑𝑟𝑦

𝑚𝑎𝑠𝑠𝑑𝑟𝑦
 ×  100 . (1) 

Water content (wt. %) can be convert to water volume fraction () by  
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𝜙 =  
𝑤𝑡.% 𝐻2𝑂/100

𝑤𝑡.% 𝐻2𝑂/100+ 
𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟

 , (2) 

in which, 𝜌𝑤𝑎𝑡𝑒𝑟 and 𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟 are the density of water and polymer respectively (g/mL) (See table 

S1-Supporting Information for the density of polymers. We assume 𝜌𝐶𝐸𝑀_𝐾  ≈  𝜌𝐶𝐸𝑀_𝐻  and 

𝜌𝐴𝐸𝑀_𝐵𝑟 ≈  𝜌𝐴𝐸𝑀_𝑂𝐻). 

For membrane samples, water content was converted to lambda (𝜆) (number of H2O per 

polymer-fixed anionic or cation site) by 

𝜆 =  
 𝑤𝑡.% 𝐻2𝑂 ×10

𝐼𝐸𝐶 ×  𝑀𝑤𝑎𝑡𝑒𝑟
 , (3) 

in which wt. % H2O is the water content, IEC represents ion-exchange capacity (meq/g), and Mwater 

is the molecular weight of water in g/mol.  

For acid and base solution samples (see Figure 4 below), tetramethylammonium hydroxide 

((CH3)4NOH, as 25 wt.% solution), p-toluenesulfonic acid (CH3C6H4SO3H, as monohydrate, 

99%), and trifluoromethanesulfonic acid (CF3SO3H, 99%) were obtained from Sigma-Aldrich and 

used without modification except for dilution with deionized water. 𝜆 is the molar ratio of H2O to 

ion pair in the liquid solution, determined gravimetrically when mixing the solutions by 

𝜆 =  
1000

 𝐶𝑀𝑀𝑤𝑎𝑡𝑒𝑟
                                               (4) 

where CM is the molal concentration of ions in solution (mol/kg). 

Pulsed-field-gradient (PFG) NMR diffusometry 

1H2O self-diffusion measurements were performed at 22 °C using the pulsed-gradient 

stimulated echo (PGSTE) NMR pulse sequence on a Bruker Avance III 9.4T wide-bore 

spectrometer corresponding to a 1H frequency of 400.13 MHz. A magnetic resonance imaging 

probe (“Bruker Micro5”) equipped with triple-axis gradients and an 8 mm 1H radio frequency coil 
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was used. The NMR signal attenuation due to diffusion is described by the Stejskal-Tanner 

equation27 

𝐼 =  𝐼0𝑒−𝐷𝑦2𝑔2𝛿2(∆−𝛿
3⁄ ) =  𝐼0𝑒−𝐷𝑏 , 

(5) 

where I is the spin-echo signal intensity at a given gradient strength g (maximum values used in 

the range 20 – 300 G/cm), I0 is the signal intensity at zero gradient, and γ is the gyromagnetic ratio 

of 1H nucleus (26752 rad s-1G-1).  δ (= 2 ms) is the effective rectangular length of the gradient 

pulse (actual half sinusoid gradient pulse length was δ = 3.14 ms), Δ (= 8 ms to 1 s) is the diffusion 

encoding time or duration between the two gradient pulses, and b is the Stejskal-Tanner (signal 

attenuation) factor that encompasses all known NMR-specific experimental parameters. The 

observed spin relaxation times T1 and T2 varied from 250 ms to 1500 ms and 8 ms to 150 ms, 

respectively. The PGSTE sequence was used with 90° pulse lengths = 6 µs in duration and each 

diffusion experiment used eight gradient steps and 16 scans per step. D is the self-diffusion 

coefficient of the mobile species extracted by fitting the signal attenuation (I/I0) curve as a function 

of g with Equation 4. 

Results and Discussion 

Measuring diffusion coefficient of water in AEMs and CEMs 

Figure 1a shows the 1D pulse-acquire 1H-NMR spectrum of water in AEM_BTMA_OH 

at a volume fraction = 0.46 H2O. We observe a broad peak and a narrow single peak 

corresponding to polymer and water NMR signals, respectively. The water peak in 

AEM_BTMA_OH includes both OH- and H2O species, but the exchange process between these 

species occurs too rapidly for NMR to distinguish their separate signals. The obtained diffusion 

coefficient of water, DH2O, is thus an average of these species, which holds true for acidic species 
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and water in CEMs. In the PFG NMR diffusometry experiment, the broad polymer peak was 

suppressed due to relaxation time weighting from the diffusometry experiment, and we obtained 

only the narrow peak as illustrated in Figure 1b. We applied NMR diffusometry to determine DH2O 

through an 8-step attenuation process with signal intensity obtained by integrating the narrow water 

peak (see Figure S1). Figure 1c displays representative signal attenuation curves for measurement 

of DH2O in AEM_BTMA_OH  = 0.46 H2O), AEM_C6_OH  = 0.26), and CEM_D50_K  = 

0.42) with fitted DH2O values shown on the plot.    

 

 

   

b)  

a)  

water 

polymer 
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Figure 1. a) 1D pulse-acquire 1H-NMR of AEM_BTMA_OH ( = 0.46) at 22°C. The broad peak 

and the narrow peak correspond to polymer and water, respectively. b) The first slice (1D 

spectrum) of the 2D NMR diffusometry experiment for AEM_BTMA_OH ( = 0.46). The broad 

peak is removed by the PFG NMR pulse sequence, and only the narrow (water) peak remains. c) 

Normalized NMR signal intensity ln (I/I0) vs. Stejskal-Tanner (signal attenuation) factor b for 

AEM_BTMA_OH ( = 0.46), AEM_C6_OH ( = 0.26) and CEM_D50_K ( = 0.42). The 

negative slope of the fit line is the diffusion coefficient. Diffusion times are shown in parentheses 

for each experiment. Estimated errors in diffusion coefficients are ±5%.  

In the next section, we explore multi-scale heterogeneity effects on water diffusion in 

AEMs and CEMs through the use of “restricted diffusion” measurements (DH2O vs. diffusion 
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encoding time ) combined with concepts of tortuosity.  Furthermore, we investigate the trends in 

water diffusion as a function of counterion type, membrane composition, and water uptake.   

Diffusion of water as a function of observation time: Restricted diffusion  

 In the NMR diffusometry experiment, we have an adjustable diffusion time, which can 

generally range from a few ms to ~ 1 s.  This variable is therefore a controllable time period over 

which we observe self-diffusion, and we can easily convert this to diffusion length lD by 

 𝑙𝐷 = < 𝑟2 >1/2= √2𝐷∆ , (6) 

where <r2>1/2 is the root-mean-square displacement that molecules undergo during the NMR 

diffusometry experiment.28-29 lD ranges typically from ~ 100 nm up to ~ 10 m depending on the 

values of D and , thus providing access to correlations between morphological heterogeneity on 

these length scales and the observed diffusion coefficient D.  The systematic measurement of D as 

a function of  is known as a “restricted diffusion” study, and here we explore this length-scale-

dependent variation of diffusion coefficient in AEMs and CEMs. 

Figure 2 displays the relationship between DH2O and the diffusion time  of water inside 

AEM_OH and CEM_H at a controlled water volume fraction  ~ 0.2 for all membranes (part a), 

and under saturated conditions (part b). Both CEM_H and AEM_OH display a roughly similar 

trend: As  increases, water molecules interact with heterogeneous restrictions (such as domain 

boundaries or walls) leading to a decrease in DH2O, usually to an asymptotic value at long times. 

Among AEM_OH membranes, BTMA_OH absorbs the most water, resulting in the highest 

diffusion coefficientDH2O = 7.4 ×  10−10  m2/s at Δ = 8 ms and corresponding to a diffusion length 

lD = 2.4 μm.  DH2O decreases to 4.8 ×  10−10 m2/s at Δ = 512 ms or lD = 15.6 μm. AEM_C6_OH, 

AEM_C10_OH, and AEM_C16_OH exhibit the same phenomenon. Compared to AEMs, DH2O 
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for CEMs has a weaker dependence on  demonstrating that CEM_H has a less restricted micron-

scale hydrophilic transport network (morphology) than AEM_OH. We note that DH2O in extruded 

Nafion 117 is independent of Δ, with Δ ranging from 4 ms to 1000 ms.30-31 

At saturated water uptake for the samples, DH2O in AEM_OH and CEM_H samples vary 

widely because diffusion depends strongly on how much water the membrane can absorb. 

Nevertheless, if we fix the water content for all membranes to a common value (ca.  = 0.2), DH2O 

data for all AEM_OHs overlay, where for all membranes DH2O decreased from approximately 7 ×

 10−11 m2/s at  = 8 (or lD = 0.8 μm) to 2 × 10−11   m2/s at diffusion time of  = 512 (or lD = 2.7 

μm). On the other hand, DH2O curves for different CEM_H membranes do not collapse as neatly 

onto one trend line.  In Figure 2a, we note a plateau in the diffusion coefficients for the CEM_H 

membranes at diffusion times shorter than 100 ms (or lD = 4.8 μm), indicating that these 

measurements are exploring length scales below the length scale where heterogeneities start to 

influence diffusion in the hydrophilic network.  This plateau is not observed in the AEM_OH 

measurements, indicating heterogeneities in these membranes exist both below and on the length 

scale probed by our shortest diffusion length, lD = 0.8 μm.  Under saturated water uptake conditions 

(Figure 2b), we further observe that the decline in diffusion coefficient for both CEM_H 

membranes occurs at longer diffusion lengths, indicating an increase in the characteristic length 

scale of heterogeneities in these samples as compared to AEM_OH samples. 
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Figure 2. Water diffusion DH2O vs. diffusion time Δ for AEM_OH and CEM_H at 22°C at a) 

comparable water uptake ( ~ 0.2) and b) saturated water uptake. The black dashed line is a guide 

to the eye. At comparable water content, AEMs closely follow a trend curve while CEMs do not. 

At saturation, all membranes show restricted diffusion, although CEMs show decreasing DH2O 

only at longer Δ values (> 100 ms). Error bars for DH2O are ±5% at short Δ and ±10% for long Δ.  
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We note here that these are all random copolymer systems with no apparent long-range 

order.  For the AEMs, we conducted small-angle X-ray scattering (SAXS, see Figure S6), which 

showed rather broad peaks with nm-scale features characteristic of ionic clusters in random 

copolymers.  The AEMs exhibited differences in feature size related to alkyl sidechain length.25 

We furthermore observed no characteristic or periodic structural differences with scanning 

electron microscopy (SEM) on the m length scales that we probed with NMR diffusometry here.  

Future work will encompass other attempts to resolve m-scale structure using microscopy with 

heavy metal contrast additives, such as ultrasmall angle X-ray scattering (USAXS) and/or neutron 

scattering.  In the absence of these other techniques, diffusion-time-dependent NMR diffusometry 

provides a distinct probe of m-scale morphological structure, and one that also directly links 

particular time and length scales to molecular transport.  In order to further parse the length scales 

of organization in these polymer membranes and their effects on transport, in the next section, we 

explore the idea of tortuosity averaged over different length scales.  

Multi-scale tortuosity in membranes 

 Consider a water molecule diffusing in a confined pore with radius R.29, 32-34 Assume the 

pore has reflecting walls, in which the particle cannot move through the wall or boundary. If the 

mean-square displacement, or square of the diffusion length lD
2 = DΔ is less than R2, which is 

equivalent to the displacement of the molecule being smaller than the radius of the pore, then the 

molecule does not experience the confined pore. In this regime, the molecule experiences what we 

define as the local diffusion coefficient (Dloc), which is independent of Δ and is depicted in Figure 

3a. If lD
2 = DΔ ~ R2, a fraction of the molecules will feel the effects of the pore boundary, leading 

to a decrease in observed D. If lD
2 = DΔ >> R2, the obtained diffusion coefficient will directly 

reflect the tortuosity (ℑ ) of the network.35  This model has seen wide application in a wide array 
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of porous media (usually hard materials),33 and has recently found use in water swollen domains 

in polymeric systems such as PEMs19 and solvent-swollen block copolymers.36 In these cases, 

boundaries may not be hard walls, but instead can represent m-scale heterogeneity, such as a 

grain boundary or complex domain structure.  Within each grain, polymer morphology is locally 

ordered.  The grains may be separated by less (or more) conductive boundary layers, which may, 

e.g., represent groupings of defects, or agglomerations of one type of phase (hydrophilic or 

hydrophobic).21, 36-38 

Tortuosity, ℑ , is an important parameter that describes interconnected porous networks.  A 

lower ℑ  represents a more fully connected network with more direct paths for diffusion. ℑ , as 

averaged over all length scales above the local molecular scale, can be defined in terms of diffusion 

coefficients as shown in Equation 6.39 

ℑ =  
𝐷𝑙𝑜𝑐

𝐷∞
 

(7) 

 In this study, Dloc represents the local diffusion coefficient that water molecules would 

experience within each nm-scale hydrophilic pore, as depicted in Figure 3a. While 

nanoconfinement effects may influence this intra-pore diffusion,40 here we make the simplfying 

approximation that Dloc is the diffusion coefficient of a bulk liquid solution with a similar ion 

concentration and ion type to that in a given membrane’s interior (see below). D∞ is the diffusion 

coefficient of the probe molecule at infinite diffusion time  (or length lD), as depicted in Figure 

3b. ℑ necessarily is ≥ 1, where ℑ = 1 is the tortuosity of a pure isotropic liquid with no restrictions 

to motion. 

PFG NMR diffusometry has been widely applied to characterize the tortuosity of 

conventional macroporous materials by measuring D for probe molecules inside pores as a 
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function of .29, 33 For example, if we use water as the molecular probe and measure the diffusion 

coefficient with  = 10 ms, the diffusion length lD = 7 μm (< 𝑟2 >1/2= √2𝐷∆ = 

√2 ×  2.3 ×   10−9  ×   10−2 = 6.8 × 10−6 m), which is about the pore size of a conventional 

macroporous material such as a rock. For polymer membranes, NMR diffusometry thus can extract 

observed DH2O over a range of length scales spanning approximately 0.1 to 100 m (depending on 

the  employed and the observed D).  This includes 𝐷∞, the bulk diffusion coefficient through the 

whole membrane.  

 

Figure 3. Illustration of diffusion concepts relevant to tortuosity of a PEM hydrophilic transport 

network. a) A water molecule diffuses locally inside a nm-scale hydrophilic cavity. b) Water 

follows a tortuous path through the interconnected hydrophilic network (of nm-scale cavities) at 

ms and longer timescales.  

We can consider AEMs and CEMs to be water-swollen porous materials, in which the 

hydrophobic part of the polymer forms a structural matrix and the hydrophilic cavities form a 

water-filled porous network.19 Since the hydrophilic cavities in PEMs have diameters on the order 

~ 1 μm ~ 1 nm 

D
H2O

 (up to D
∞ 

) Dloc 

a) b) 
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of nanometers, we observe a long-time (ms) and m-scale average using NMR diffusometry, as 

given by the timescale of the measurement, . However, we can vary to measure different DH2O 

values that encompass any m-scale heterogeneities in the membrane.19, 41 If we minimize with 

a lower limit of a few ms) we measure what we define as D0,micro.  D0,micro represents DH2O averaged 

over the smallest length accessible by NMR diffusometry, usually ≥ 0.1 m. Thus, we can 

subdivide the porous network tortuosity into two separate parameters: 

ℑ𝐿−𝐵 =
𝐷𝑙𝑜𝑐

𝐷∞
                                                                          (8) 

ℑ𝜇−𝐵 =  
𝐷0,𝑚𝑖𝑐𝑟𝑜

𝐷∞
                                                                  (9) 

To summarize, ℑ𝐿−𝐵 is the “local-to-bulk tortuosity,” which averages over structures that range 

all the way from local molecular scales (nm) to bulk, while  ℑ𝜇−𝐵 is the “micron-to-bulk 

tortuosity,” which arises from morphological heterogeneities that range from micrometer scale to 

bulk.  

Specifically in this study, we take Dloc to be the diffusion coefficient of water obtained in 

free liquid solutions as shown in Figure 4 and Table S3, where for AEMs we use 

tetramethylammonium hydroxide ((CH3)4NOH) as the local diffusion standard, for the aromatic-

based CEMs we use p-toluenesulfonic acid (CH3C6H4SO3H), and for Nafion we use 

trifluoromethanesulfonic acid (CF3SO3H).40 In free solution, the diffusion coefficient of water will 

be independent of diffusion length, and therefore these solution data represent an approximate 

model of the local (molecular-scale) diffusion coefficient of water in the AEMs and CEMs, as 

depicted in Figure 3a.  For each solution used to determine Dloc for a given membrane composition 

and hydration, we adjust the solution lambda to mimic lambda inside the membrane. D∞ is the 
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diffusion coefficient measured in the membrane at the largest accessible due to the limitations 

in water 1H T1 relaxation time.19  By employing the above analysis, ℑ𝐿−𝐵 and ℑ𝜇−𝐵 provide 

quantitatively separable insights into how molecular transport is affected by morphological 

structures over widely different length scales in polymer membranes.  Further refinements to this 

model are underway, focusing especially on the aspects of intra-pore nanoconfinement and local 

molecular environment.40, 42-43 

 

Figure 4. DH2O obtained by 1H NMR diffusometry as a function of water-ion mole ratio λ for 

trifluoromethanesulfonic acid (CF3SO3H),40 p-toluenesulfonic acid (CH3C6H4SO3H), and 

tetramethylammonium hydroxide ((CH3)4NOH) as free liquid solutions. These diffusion 

coefficients approximate the local diffusion of water (Dloc) inside AEMs and CEMs.  All 

measurements were performed at 22°C and using = 25 ms.  Note that for these isotropic liquid 

solutions, DH2O is completely independent of .  

 

Figure 5 shows ℑ𝐿−𝐵  and ℑ𝜇−𝐵 for both CEMs and AEMs as a function of water content. 

Additionally, all information concerning tortuosity and measured diffusion coefficients for 
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membranes and free solutions is summarized in Tables S2 and S3. As shown in Figure 5a, ℑ𝐿−𝐵 

strongly depends on water uptake, where the membranes show between a factor of 1.5 and 5 drop 

in ℑ𝐿−𝐵 with increasing water content. AEM_BTMA_OH absorbed the most water, resulting in a 

low ℑ𝐿−𝐵 at saturated water content, although at  ~ 0.2 water content, AEMs with the longer alkyl 

sidechains (C6 and C10) matched the ℑ𝐿−𝐵 of BTMA. AEM_C16_OH showed substantially 

higher ℑ𝐿−𝐵 regardless of water content and we note that conductivity for C16 is also lower than 

for C10.25  Although there is a greater extent of phase separation for C16 (see Figure S6), we 

hypothesize that the additional hydrophobic component could cause restrictions to connectivity, 

potentially due to less connected nm-scale pathway formation arising from the long alkyl sidechain 

substituent. Among CEMs, D20 showed the highest ℑ𝐿−𝐵, assumedly related to its low degree of 

(hydrophilic) functionalization that provides for poor nanophase separation or self-assembly and 

thus weak hydrophilic cavity connectivity relative to D60. In general, the measured tortuosity of 

CEMs is higher than in AEMs, indicating that overall the water transport pathway connectivity in 

CEMs is more restrictive than AEMs. Since in general CEMs have faster overall diffusion than 

AEMs (Figure 2a) at equivalent water content, this emphasizes that the local molecular effects 

contributing to faster bulk diffusion40, 44 in CEMs outweigh the inferior tortuosity (pathway 

connectivity) effects. 

Figure 5b displays the relationship between micron-to-bulk tortuosity ℑ𝜇−𝐵 as a function 

of water content, which is substantially smaller in both CEMs and AEMs as compared to ℑ𝐿−𝐵.  

ℑ𝜇−𝐵 represents the degree of “disconnectivity” of water pathways, but only representing ~ 1 m 

and larger scales. This parameter indicates that for many of these membranes (especially the 

CEMs), the nm-scale to m-scale heterogeneities (simply obtained from the difference ℑ𝐿−𝐵 −

ℑ𝜇−𝐵) dominate over the larger scale heterogeneities (ℑ𝜇−𝐵). For most of the AEMs on the other 
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hand, we see that ℑ𝐿−𝐵 is much closer to ℑ𝜇−𝐵, indicating that the hydrophilic cavities are well 

connected below the m scale. We believe this is the first instance of parsing the influence of 

subtle multi-scale heterogeneities on bulk transport. For such random copolymer systems, we were 

surprised to find such strong effects due to m-scale hetergeneity (ℑ𝜇−𝐵). We propose a basic 

morphology model below that is consistent with the observations presented in Figure 5.  

We note that these restricted diffusion observations contain information interpretable as 

the surface-area-to-volume ratio of the confined geometry, as shown by Mitra et al.32, 34 We 

consider this analysis is more complex and currently not subject to concrete interpretation in these 

random copolymer systems, as compared to the above tortuosity analysis.  However, we have 

placed relevant information extracted from our fits of diffusion coefficients to the Mitra equation 

in Figure S5 and Table S4. 
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Figure 5. Tortuosity of AEMs and CEMs separated into two length scale ranges. a) Tortuosity 

from local to bulk (ℑ𝐿−𝐵) as a function of water volume fraction . b) Tortuosity from micron to 

bulk (ℑ𝜇−𝐵). ℑ𝐿−𝐵 for CEMs is substantially higher than for AEMs (especially at low water 

content), indicating that the nm-scale connectivity (morphology) is worse than in AEMs. ℑ𝜇−𝐵 

values are more similar among all membranes as compared to ℑ𝐿−𝐵, indicating a general similarly 

of m-scale heterogeneities in these membranes. Error bars originate from combining errors for 

the appropriate ratios of diffusion coefficients involved (Dloc, D0,micro, and D∞). 
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 Based on these measurements of tortuosity parameters, here we present a simple picture 

for the influence of water-content-dependent cavity (ionic domain) connectivity on water transport 

(Figure 6). Figure 6a illustrates the nm-scale hydrophilic cavity network inside a membrane at 

low, medium and high water content. At low hydration, these ~ 1 nm size hydrophilic cavities 

(containing clusters of polymer-fixed ions and their associated counterions) are collapsed, 

resulting in a poorly interconnected hydrophilic network and more restricted (slower) overall bulk 

transport. At medium hydration, the hydrophilic cavities expand to bridge some “dead ends,” 

resulting in a better interconnected network. At high hydration, the hydrophilic cavities (ionic 

domains) grow even larger and form a more strongly connected network. Figures 6b and 6c 

illustrate the consequences of more strongly interconnected networks, where dead ends may cluster 

together so as to create micrometer-scale heterogeneity that is reflected in the NMR restricted 

diffusion observations (ℑμ−B).  At lower water uptake (Figure 6b), the hydrophilic network is 

more disconnected at the micrometer scale, leading to increased ℑμ−B. At higher water uptake 

(Figure 6c), the hydrophilic channels expand as in Figure 6a to connect more of the dead ends, 

resulting in larger effective domain size and lower network tortuosity. We are continuing to pursue 

more detailed NMR, scattering, and microscopy studies in order to understand the origin of the 

micrometer-scale heterogeneity that leads to the observed diffusion behavior.  
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Figure 6. Model for multi-scale restricted water transport in AEMs and CEMs. a) Interconnected 

hydrophilic cavity network on the nanometer scale. The solid blue line represents the hydrophilic 

network at low hydration, the dashed green and red lines represent the network at increasing levels 

Low water uptake 

High water uptake 

Medium water uptake 
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of hydration in which cavities become increasingly interconnected. b) Hydrophilic transport 

network with clusters of dead ends (black dots) that break overall connection pathways and create 

network boundaries on micrometer scales, as observed by NMR tortuosity measurements. This 

picture is idealized to show the concept, and this structuring would most likely be more irregular 

in terms of boundary layer shape. That is, this structuring likely would not have spatial boundaries 

that consist of simple shapes such as squares, circles, ellipsoids, etc.  At sufficiently long diffusion 

time Δ, water diffusion is restricted by these collections (boundary layers) of dead-ends, leading 

to a decrease in DH2O (restricted diffusion) and an increase in tortuosity (both ℑμ−B and ℑL−B). c) 

At high water uptake, hydrophilic cavities expand to connect more dead ends and form more 

continuous pathways, leading to decreased tortuosity of the network. 

Water content, counterion type, and membrane chemistry effects on diffusion 

Figure 7 shows the relationship between the water self-diffusion coefficient, DH2O, and 

water volume fraction, , for AEMs and CEMs. The filled squares and triangles represent 

AEM_OH (samples with OH- counter-ion) and AEM_Br (samples with Br- counter-ion), 

respectively, while the red and black unfilled symbols represent CEM_H (samples with H+ 

counter-ion) and CEM_K (samples with K+ counter-ion). Nafion in the proton form is used as a 

reference sample. Figure 7a compares DH2O for AEM_OH and CEM_H (see also Figure S2a). 

Among the AEM samples, AEM_BTMA_OH exhibits the highest saturated water content, leading 

to higher DH2O, followed by AEM_C6_OH, AEM_C10_OH, and AEM_C16_OH in decreasing 

order. When alkyl sidechain length increases, water content decreases due to the hydrophobicity 

of the side chain, which limits water sorption of the AEMs. As shown in Figure 7a, all AEM_OHs 

appear to follow an overlapping trend with  (black dashed line to guide the eye).  We note here 

that dependencies of transport on water uptake in terms of  should correlate more strongly with 
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morphological structure since  is a bulk-type measurement, while dependencies on uptake in 

terms of  (water molecules per ionic group, see next section) should reflect local molecular-scale 

phenomena since  is the local hydration number.  Thus, the similar dependence for all samples in 

terms of the relationship of DH2O with  indicates similarity of the connectivity of the hydrophilic 

network among these membranes.  Similarly, all of the CEM_Hs followed a single trend line (red 

dashed line) and showed faster water diffusion by a factor of ≈ 1.5 relative to the AEM_OHs.  We 

note this factor is similar to the ratio of the proton and hydroxide diffusion coefficient in free 

aqueous solution,45 and qualitatively mirrors the DH2O ratio of CH3C6H4SO3H to (CH3)4NOH in 

free solution (Figure 4) where the local water-water and water-ion molecular interactions are the 

main determining factors for water diffusion.45-47 However, in a membrane, both the local 

interactions and the morphology (hydrophilic network heterogeneity) influence DH2O. This leads, 

in general, to the differing ratio of water diffusion coefficients in ionic polymer membranes as 

compared to aqueous solution. Nafion shows the highest self-diffusion coefficient of water 

compared to CEM_H and AEM_OH, although it absorbed less water, presumably due to its 

strongly interconnected nanophase-separated hydrophilic channel structure18-20 as well as its fast 

local transport.40 

Figure 7b compares the self-diffusion coefficient of water in CEM_K and CEM_H. 

Increasing the degree of functionalization of CEMs leads to an increase in the water uptake of the 

membranes, resulting in faster water self-diffusion. CEM_Hs showed overall slower water self-

diffusion than CEM_Ks, likely due to the energetics of hydration and differing ion association of 

the sulfonate-proton pair as compared to the sulfonate-potassium ion pair. As shown in Figure 7c, 

AEM_OH showed overall slower water diffusion behavior as compared to AEM_Br, and this 

deviation is most pronounced for the BTMA membranes. Water will have a weaker interaction 
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with Br- than OH- and the cation-anion pairing may be different between Br- and OH- and the 

ammonium cation, leading to different water hydration behaviors. These factors will enable water 

to diffuse faster in the Br- form membranes as compared to the OH- form. 
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Figure 7. Diffusion coefficients of H2O (DH2O) in AEMs and CEMs obtained by 1H NMR 

diffusometry as a function of volume fraction water .  a) AEM_OH (samples with OH- counter-

ion) vs. CEM_H (samples with H+ counter-ion).  b) CEM_H vs. CEM_K.  c) AEM_Br vs. 

AEM_OH. We used Nafion as a reference sample. AEM_OH and CEM_H membranes appear to 

follow overlapping trends (master curves), shown by the dashed lines (black and red, guides to the 

eye), although CEM_H materials show somewhat faster diffusion than AEM_OH. CEM_K and 

AEM_Br show somewhat faster diffusion behavior than their CEM_H and AEM_OH 

counterparts, indicating a substantial effect of counterion type on interactions of water with the 

hydrophilic cavities (transport network). Error bars for diffusion coefficient measurement range 

from ±5% for high water content and ±10% for low water content. All measurements were 

performed at 22°C and using an intermediate diffusion time = 100 ms. 

Diffusion coefficient of water vs. λ 

To further understand local water-ion-polymer interactions in these membranes, we plot 
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sulfonate (anionic) site (Figure 8).  λ also relates to the IEC of the membrane (meq/g), water 

uptake of the membrane (wt%), and molar mass of water Mwater (g/mol), as shown above in 

Equation 3. 

As presented above (Figure 4), we measure DH2O in a set of soluble small-molecule analogs 

to the internal molecular environment of AEMs and CEMs: (1) trifluoromethanesulfonic acid 

(CF3SO3H) as an analog to Nafion, (2) p-toluenesulfonic acid (CH3C6H4SO3H) as an analog to 

sulfonated polyether sulfone CEM, and (3) tetramethylammonium hydroxide ((CH3)4NOH) as an 

analog to quaternary ammonium PPO AEM. Our group and others have previously used CF3SO3H 

as an analog to understand the internal environment of perfluorosulfonate ionomers (PFSIs),40, 48 

We are moving toward quantitative models for the interplay of nanoconfinement and local 

molecular composition, but for these AEMs and CEMs we focus on molecular effects and leave 

the discussion of confinement to a future publication. For these analog solutions (Figure 4), at 

high λ (> 15), DH2O in (CH3)4NOH approaches that of CH3C6H4SO3H, while at low λ, DH2O in 

(CH3)4NOH falls below that of  CH3C6H4SO3H and is approximately half that of  CH3C6H4SO3H 

at λ = 7.5.   CF3SO3H solutions exhibit the highest DH2O, followed by CH3C6H4SO3H, and 

(CH3)4NOH. The remarkable water diffusion in CF3SO3H is ascribed to its superacidity (pKa ~ -

14),49 and this local intermolecular effect undoubtedly contributes to superior water transport in 

Nafion.40, 48  

Figure 8a compares the water diffusion behavior of OH- form AEMs (AEM_OH) and H+ 

form CEMs (CEM_H). Similar to the trends in water diffusion for the small molecules CF3SO3H, 

CH3C6H4SO3H, and (CH3)4NOH in solution, Nafion also shows the fastest diffusion, followed by 

slower diffusion in CEMs and then the slowest observed diffusion values in AEMs. In contrast to 

the dependencies of DH2O as a function of  (Figure 7), water diffusion in AEMs and CEMs as a 
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function of λ do not follow overlapping trends. CEM_D20_H has the lowest ion density (IEC) 

among all of these membranes, which leads to the lowest DH2O curve in Figure 8a, and 

CEM_D60_H with the highest IEC has the highest overall DH2O curve.  Figure S2b shows the 

monotonic increase of DH2O vs. λ curves with increasing IEC for CEMs.  AEMs show a similar 

trend of increasing DH2O with IEC, with C16 having the lowest IEC and DH2O, and with 

monotonically increasing curves in order of C6, C10, and BTMA.  

Figure 8b shows the diffusion of CEM_K and CEM_H vs. λ. Generally, the CEM_K 

curves overlap the CEM_H curves because of their similar IECs and local water diffusion 

environment. Clearly, when the degree of functionalization (ion density or IEC) increases, 

maximum water absorption also increases leading to faster diffusion.  

Figure 8c compares the water self-diffusion coefficient vs. λ for AEM_Br and AEM_OH 

(see also Figure S2b). Similar to CEMs, the different AEMs do not follow an overlapping trend, 

as shown in Figure 7b. This arises due to the variation of local molecular environments for water 

transport, most likely modulated by alkyl sidechain length, counterion type, and IEC.  Further 

systematic study will be needed to understand the details of these subtle molecular-scale effects. 
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Figure 8. DH2O in AEMs and CEMs obtained by 1H NMR diffusometry as a function water-ion 

mole ratio λ.  a) AEM_OH vs. CEM_H.  b) CEM_H vs. CEM_K.  c) AEM_Br vs. AEM_OH.  We 

used Nafion as a reference sample. AEM_OHs and CEM_Hs do not follow overlapping trend 

(master) curves as in Figure 7. The relationship between DH2O and λ indicates that variations 

between membranes arise from differences in local ion-water interactions driven mostly by ion 

density (IEC). Error bars for DH2O measurement are ±5% for high water content and ±10% for low 

water content. All measurements were performed at 22°C and using = 100 ms. 

 In short, the differences of diffusion behavior observed as a function of water and of λ 

can expose general pictures of hydrophilic network heterogeneity (morphology) and local 

molecular (ion–water) interactions.  Regarding dependencies, AEM_OH and CEM_H appear to 

follow the same curve, indicating similarities between their hydrophilic domain morphologies. 

Varying counter ion type affects transport in both AEMs and CEMs. Water diffusion in CEMs, in 

general, is faster than AEMs. Water diffusion in CEM_K is faster than CEM_H, and water 

diffusion in AEM_Br is faster than AEM_OH.  Regarding λ dependencies, molecular interactions 
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between counterions, polymer-fixed ionic sites, alkyl sidechains, and water drive substantial 

variations in bulk water transport.  For AEMs, counterion type and alkyl sidechain length drive 

substantial changes in local transport, while in CEMs we vary degree of functionalization, which 

produces a much stronger variation in local transport than counterion type change.   

Conclusions 

We have investigated water transport properties of a range of random copolymer cation-

exchange and anion-exchange membranes (CEMs and AEMs) as a function of counterion type, 

alkyl side chain length, and hydration level.  Our detailed NMR diffusometry measurements 

demonstrate that water self-diffusion coefficients can vary dramatically with composition, and 

with the length scale of the diffusion measurement.   

Based on varying the diffusion time, , (and thus the length scale probed) we observe 

restricted diffusion in all membrane samples (except in the benchmark Nafion).  Furthermore, we 

introduce two separate tortuosity parameters, one averaged from local, nm-scale to bulk (ℑ𝐿−𝐵) 

and one averaged from m-scale to bulk (ℑ𝜇−𝐵), and these enable us to separately quantify the 

effects of material heterogeneity on transport over these different length scales.   We introduce a 

qualitative model that is consistent with our tortuosity results and involves two parts:  1) water 

swelling increases the local (nm-scale) connectivity of the hydrophilic cavities (e.g., bridging dead 

ends), which in turn decreases the tortuosity and increases bulk transport, and 2) heterogeneous 

clusters of pathway dead ends, which form effective boundaries to diffusion, are distributed such 

that there is a strong tortuosity effect observed on micrometer scales.    

By plotting water diffusion coefficient as a function of water volume fraction, , we gain 

more insight into how transport is influenced by water-swollen domain structuring.  In a 

complementary way, by plotting water self-diffusion coefficient as a function of the water-ion 



35 
 

molar ratio λ, we gain insight into how local intermolecular interactions affect transport.  The 

different AEMs, in particular, show an overlapping trend of water diffusion vs. volume fraction  

(but not vs. λ), indicating a common heterogeneity of their hydrophilic network across these 

membranes.  Water diffusion in CEMs is generally faster than in AEMs, which arises from faster 

local molecular transport effects in CEMs, even though from our studies AEMs exhibit more 

favorable network connectivity (heterogeneity) on scales larger than a few nm.   

This sort of nm-scale to m-scale information ‒ the connection of average structural 

features and bulk transport in heterogeneous materials ‒ is not readily available by scattering or 

microscopy techniques, although those techniques can complement diffusometry studies to 

connect structural and transport information.  We note that a focused study using micrometer-scale 

SANS (microSANS) or ultra-small angle X-ray scattering (USAXS) might provide insight into 

these heterogeneities. Extensions of this study by NMR are already underway to gain more deep 

mechanistic information regarding the origins of the tortuosity and structural heterogeneities in 

these materials.  As part of such extensions, we are beginning to explore the self-assembly process 

of the nm-scale hydrophilic networks and other molecular-structure-driven differences between 

fixed-anion and fixed-cation systems in order to gain fundamental insight into the causes for 

differences in multi-scale transport behaviors between CEM and AEM membranes.  

Understanding the multi-scale phenomena that contribute to bulk water and ion transport in 

polymer membranes will help drive us toward the production of inexpensive and highly efficient 

membranes for fuel cells and a range of molecular and ionic separations. 

Supporting Information 

Example 1D NMR spectral slices from a diffusometry experiment; Diffusion coefficients 

for water in membranes as a function of water volume fraction, weight percent, and water-ion mole 
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ratio; Tabulated densities and tortuosities for AEMs and CEMs; Tabulated diffusion coefficients 

for solutions of tetramethylammonium hydroxide, p-toluenesulfonic acid, and 

trifluoromethanesulfonic acid; Additional restricted diffusion data and Mitra analysis; SAXS of 

selected dry AEMs and CEMs. 
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