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Abstract: Fundamental understanding of water transport and morphology is critical for 

improving ion conductivity in polymer electrolyte membranes (PEMs). Herein, we present 

comprehensive water transport measurements comparing anion-exchange membranes (AEMs) 

based on ammonium-functionalized poly(phenylene oxide) and cation-exchange membranes 

(CEMs) based on sulfonated poly(ether sulfone). We investigate the influence of counter ions, 

alkyl side chain, and degree of functionalization on water transport in AEMs and CEMs using 

pulsed-field-gradient (PFG) NMR diffusometry. Water diffusion in both AEMs and CEMs exhibit 

specific trends as a function of water uptake (wt%), indicating morphological similarities across 

common chemical structures.  Furthermore, restricted diffusion reveals micron-scale heterogeneity 

of the hydrophilic network in both CEMs and AEMs. We propose a model wherein the hydrophilic 

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, counterion type, and polymer structure. We 

furthermore parse tortuosity into two regimes, corresponding to nm-to-bulk and m-to-bulk 

ranges, which reveal the importance of multi-scale morphological structures that influence bulk 

transport. This study provides new insights into polymer membrane morphology from nm to m 

scales with the ultimate goal of controlling polymeric materials for enhanced fuel cells and other 

separations applications. 
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General Audience Abstract: Using clean energy in place of fossil fuels to reduce carbon 

dioxide emissions is one of the biggest challenges of the 21st century. Among emerging 

technologies, fuel cells (FCs) show tremendous potential to be a candidate for the energy of the 

future. An FC is “an electrochemical device that directly converts chemical energy into electrical 

energy” with the only byproduct being heat and water. The key component of an FC is a polymer-

electrolyte membrane, which helps to separate electrons and fuel and allows ions to move through. 

The current commercial membranes, named cation-exchange membranes (CEMs), employ 

precious metals such as platinum (Pt) as a catalyst, significantly increasing the cost. Anion 

exchange membranes (AEMs) are another alternative currently being investigated to reduce the 

cost of FCs because they can employ cheaper catalysts such as nickel or silver. This thesis 

investigated the motion of water inside AEMs and CEMs, and proposed a model to explain how 

water transports in these membranes. The result of this study provides new insights into polymer 

membrane internal structure with the ultimate goal of controlling polymeric materials for enhanced 

fuel cells and other separations applications such as reverse-osmosis water purification.
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Chapter 1: Introduction 

1.1. Polymer electrolyte membranes for alternative energy 

Using clean energy in place of fossil fuels to reduce carbon dioxide emissions is one of the biggest 

challenges of the 21st century. Among emerging technologies, fuel cells (FCs) show tremendous 

potential to be a candidate for the energy of the future because a FC can act as a zero-emission 

converter and is not limited by the Carnot cycle.1 FCs can be classified by the operating 

temperature as low (< 100 °C), medium (100 – 200 °C), and high (500-1000 °C).2  Low-temperature 

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

friendly for vehicles.3 The US Department of Energy (DoE) recently estimated the current price 

of an 80 kW automotive polymer electrolyte membrane (PEM) FC at $53/kW if scaled up to 

500,000 units/year as shown in Figure 1.1.4 The aim is to reduce the cost of FCs to $40/kW by 

2020 and eventually to $30/kW.4 
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Figure 1.1. The current price of an 80 kW automotive polymer- electrolyte -membrane (PEM) FC 

if scaled up to 500,000 units/year from 2006 to 2015 (reproduced from 2015 Annual Report of 

DOE Hydrogen and Fuel Cells Program).4  

A FC is defined as “an electrochemical device that directly converts chemical energy into electrical 

energy” with the only byproduct being heat.5 FCs use fuels such as H2, CH3OH, N2H4, NH3, and 

the typical oxidant is O2.
2 The most popular commercial low-temperature FC technology currently 

available uses cation-exchange membranes (CEMs). The basic design of CEMs is shown 

schematically in Fig. 1.2, in which two electrodes are separated by an ion-exchange membrane 

and are connected to an external load.  The common purpose of the membrane is to conduct ions 

and water as well as to prevent electrons and fuel gas crossing over from anode to cathode. 

Theoretically, a single H2/O2 FC shows a cell voltage of 1.2 V and one can achieve higher voltages 

by stacking individual cells in series.6 CEMs employ precious metal catalysts such as Pt to turn 

pure hydrogen into protons, which dramatically increases the ultimate cost of PEM FCs.7 These 
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considerations lead to a plateau in the cost of an FC system in recent years.8 As shown in Figure 

1.1, from 2006 to 2010, the price of an FC system had decreased from $124/kWnet to $59/kWnet 

however, in the period from 2010 to 2015; the price had just slightly reduced from $59/kWnet to 

$53/kWnet.
4
  

 

Figure 1.2. Schematics of anion exchange membrane (AEM) fuel cell (left) and cation exchange 

membrane (CEM) fuel cell (right). 

Another type of polymer electrolyte is an anion exchange membrane (AEM). The basic design of 

an AEM is similar to a CEM, and it includes cathode, anode, external load and a separating 

membrane. However, in AEMs, hydroxide ions are transported from cathode to anode, while in 

CEMs, protons are transported from anode to cathode, as shown in Figure 1.2. AEMs have 

received much attention from the scientific community recently because they can employ cheaper 

metals, such as nickel or silver, which helps to decrease the ultimate price of FCs. 9-12 
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Despite considerable research effort, AEMs are far from being a suitable substitute for CEMs. 

First, AEMs have lower conductivity than CEMs, leading to the comparatively lower performance 

of AEM FCs. Since the conductivity of H+ is twice as high as the conductivity of OH- ions in 

water, a twofold rise in OH- ion concentration, or other improvements in OH- transport, is 

necessary to obtain similar performance.13 Second, AEMs are insufficiently chemically and 

mechanically stable compared to CEMs due to the elevating operating temperature and strong 

alkalinity of AEM-based FCs.14 Third, AEMs are easily degraded by CO2 in the air since hydroxide 

can form carbonate or bicarbonate within the catalyst layer and AEMs, which causes a decrease in 

conductivity of the membrane.15 More research is needed to advance AEMs to meet all the 

requirements of practical fuel cells and bring the cost below that of CEMs. 

1.2. Requirements for the use of PEMs in fuel cells 

Ion transport 

Ion transport is the most important characteristic of PEMs. Transport rates relate to ion exchange 

capacity (IEC), water sorption, and morphology of the membrane. The IEC of a membrane, which 

equals the reciprocal value of the equivalent weight, is defined as the dry mass of polymer per 

mole of ionic groups (H+ or OH-).2 Higher IEC values often lead to faster ion transport or 

conductivity; nevertheless, IEC does not indicate the dissociation of the counterion from the 

polymer backbone.2 Water sorption is another influential factor contributing to ion transport 

because the acidic or basic groups in PEMs have to dissociate proton or hydroxide to exchange 

ion. Although high water content can lead to an increase of the ion transport, too much water 

absorption can also lead to swelling, which degrades the mechanical properties of the membrane.16 

Therefore, the “perfect” membrane should absorb less water but still efficiently transport water 
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and ions. This means that a membrane must possess a superior morphology with good nanophase 

separation between the hydrophobic matrix and hydrophilic network to conduct water and ions. 

For example, Nafion® only absorbs maximum 25 wt% water content; however, the diffusion 

coefficient of water inside Nafion can reach 6 x 10-10 m2/s,17  which is very high relative to other 

PEMs, due to its superior morphology with well-separated hydrophilic channels.18-20  

 Water management and water transport 

Water management and water transport are two important topics in FCs, and they can easily be 

misleading. Water management refers to maintaining an appropriate water content in an operating 

FCs, which prevents the anode and membrane from dehydrating and the cathode from flooding.21 

Water transport, on the other hand, indicates how water travels through the PEM. Water transport 

mechanisms in PEMs involve diffusion, hydraulic permeation, and electroosmotic drag.22 An 

understanding of water transport is essential for water management, which helps to keep the 

membrane moist and ensure the fuel cells operate efficiently. Water transport is the main topic of 

this study. 

Chemical stability 

 The chemical stability of PEMs is of importance because a FC must operate up to temperatures 

around 90 °C and in strongly acidic or basic environment.14 Perfluorinated sulfonic acid (PFSA) 

CEMs such as Nafion® and Flemion® possess excellent chemical stability that can withstand 

thousands of hours in an acidic environment.23 Researchers are currently struggling to find an 

AEM with excellent chemical stability that can endure a long time in a basic environment at high 

temperature.24-26  

Mechanical integrity 
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The loss of the mechanical integrity of PEMs in FCs can be caused by gas crossover, chemical 

degradation, or fatigue failure after repeated mechanical swelling with water during FC cycling.27-

28 Pin-hole formation or rupture of PEMs is catastrophic for FCs.29 Although the mechanical 

integrity of PEM is critical, it is beyond the scope of this study. 

Cost 

Finally, the cost of PEMs is a major factor in commercializing FCs. The most popular type of PEM 

currently is the perfluorinated sulfonic acid  (PFSA) CEMs, e.g., Nafion®, Flemion®, Aciplex®, 

which are very costly because of the complex synthesis of fluorine chemistry.30 Furthermore, 

CEMs use the precious catalyst, Pt, which skyrockets the ultimate price of fuel cells. Numerous 

studies are focused on developing low Pt content catalysts by taking advantage of Pt nano catalysts. 

In addition to catalyst research for CEMFCs, anion exchange membranes (AEMs), which can 

employ cheaper catalyst metals, such as nickel or silver, are currently being investigated to reduce 

the cost of FCs.  

1.3. Using NMR to study water diffusion in PEMs.  

1.3.1. General remarks on nuclear magnetic resonance (NMR)  

The key feature of NMR is it utilizes magnetic resonance of nuclear spin (I), which is an intrinsic 

property of atomic nuclei. If nuclei have spin I, it will have 2I + 1 degenerate state. When we 

applied an external magnetic field to the interest nuclei, its spin states will split into 2I+1 states, 

which commonly known as Zeeman splitting. In the presence of the magnetic field, the NMR active 

nuclei precess around the applied magnetic field direction (z-direction) at the Larmor frequency as shown 

in Eq. 1.1.31  
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𝜔 =  − 𝛾𝐵   1.1 

For example, if I = ½, there will be two energy state corresponding to spin up (↑) (α) and spin 

down (↓) (β) (up and down are relative to magnetic field direction) as shown in Figure 1.3  

 

Figure 1.3. Zeeman splitting of a common spin-1/2 nucleus. When we applied an external 

magnetic field to the interest nuclei, its spin splits into two states: spin up (α) and spin down (β). 

An important question raising is the distribution between spin up and spin down. In the absence of 

a magnetic field, there is no preference between spin up and spin down. However, when we applied 

a magnetic field to the nuclei, the number of spins up exceeds the number of spins down by a small 

ratio as shown in Eq. 1.2.32  

𝑁

𝑁
= exp(

ℎ𝛾𝐵

2𝜋𝑘𝑇
)   

1.2 

 

∆𝐸 = ℎ𝜗 

α 

β 

ΔE 

𝐵  (T) 

𝐵  direction (z) 
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The slight excess ratio between spin up and spin down is known as spin polarization. The net spins 

precess around magnetic field direction and gradually build up longitudinal nuclear spin 

magnetization. The characteristic time to attain the spin polarization as well as create longitudinal 

nuclear spin magnetization is called spin-lattice relaxation time or T1.32 Nonetheless, the 

longitudinal magnetization is too small to detect. Instead of measuring longitudinal nuclear spin 

magnetization, scientists tend to measure transverse magnetization by applying a rf pulse with 

well-defined frequency to turn the net spin magnetization along the transverse plane. Usually, we 

use 90° rf pulses to exclude the precession of the spin around the magnetic field direction. After 

applying 90° rf pulses, the spin starts to dephasing in the transverse plane (x-y plane) due to the 

inhomogeneity of the magnetic field.31 The relaxation time along the transverse plane is called T2 

or spin-spin relaxation time. The transverse magnetization also is detected by rf coil, converted to 

an electric signal and eventually Fourier transformed (FT) to get an NMR spectrum as we can see 

in Figure 1.4 
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Figure 1.4. An example of a typical FT-NMR proton spectra. In the spectrum, tetramethyl 

ammonium hydroxide and water correspond to single peaks at 2.42 ppm and 4.7 ppm respectively.  

In general, the principle of NMR can be summarized in two main steps: 

Step 1: The polarization of nuclear spin along magnetic field (B0) after spin-lattice relaxation time 

Step 2: The net magnetic moment is rotated into the x-y plane by applying rf pulse. The transverse 

magnetization is detected by rf coil and FT to get NMR spectrum.  

1.3.2. Pulsed-field-gradient (PFG) NMR diffusometry 

Diffusion is one of the vital transport processes in chemical and biological systems. According to 

Fick’s law, diffusion flux is proportional to the concentration gradient.33 Self-diffusion coefficient, 

on the other hand, is the Brownian motion of molecules when the chemical potential gradient is 

H
2
O 
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zero.34 The self-diffusion coefficient of molecules is essential because it relates to many other 

physical properties of the system such as viscosity, hydrodynamic radius, electrophoretic mobility 

as shown in Eq. 1.3 and 1.4.35  

𝐷 =  
𝑘 𝑇

6𝜋𝜂𝑟
  

1.3 

𝐷 =  
𝜇 𝑘 𝑇

𝑞
  

1.4 

 (D is diffusion coefficient; kB is Boltzmann’s constant, T is absolute temperature, η is viscosity, r 

is hydrodynamic radius, μq is electrophoretic mobility, q is charge of the particle) 

The self-diffusion coefficient can be measured by pulsed-field-gradient (PFG) NMR diffusometry. 

However, before talking about PFG NMR diffusometry, we have to understand the mechanism of 

the spin echo. Erwin Hahn first discovered the spin echo (or Hahn echo) in 1950.36 As mentioned 

in the previous section, when we apply a magnetic field, the net spin polarizes along the direction 

of the magnetic field (or z-direction). A 90° pulse is applied along the x-direction to rotate the net 

spin into the x-y plane. After a period τ, each spin starts to fan out slowly or diphase. After a 180° 

pulse is applied along the x-axis, and then after a period τ, the net spin refocuses, and we see an 

“echo.” All the process is illustrated in Figure 1.5.32  

  

90°
x
 180°

x
 

τ τ 

Spin Echo 

a) 
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Figure 1.5. The spin echo pulse sequence in an inhomogeneous magnetic field a) rf pulse of spin 

echo. A 90° pulse and an 180° pulse, both along the x-axis, are applied b) the precession of net 

spin during spin echo. A 90° pulse is applied along the x-direction to rotate the net spin into the x-

y plane. After a period τ, each spin starts to fan out slowly or dephase. After a 180° pulse is applied 

along the x-axis, and then after a period τ, the net spin refocuses, and we see an “echo.”  

In the spin echo, the applied magnetic field B0 should have as much homogeneity as possible to 

eliminate the deviation of Larmor frequency of net spin. On the other hand, if we linearly vary the 

strength of an external magnetic field, the NMR signal will gradually attenuate, and the diffusion 

coefficient can be extracted from the relationship between observed NMR signal and gradient 

strength. It is the central idea of PFG NMR diffusometry and had been developed by Stejskal and 

Tanner in 1965.37 Indeed, adding a magnetic field gradient g (G/cm) to a homogeneous B0, the 

Larmor frequency 𝜔  become spatially dependent on the direction of the gradient as shown in 

Eq. 1.5.38  

90°
x
 τ 180°

x
 

τ 

i) ii) iii) 

iv) v) 

Echo 

b) 
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𝜔 =  𝛾 (𝐵 + 𝑔𝑧) =  𝜔 +  𝛾𝑔𝑧  1.5 

Where  

𝑔 =  ∇𝐵 =  
𝜕𝐵

𝜕𝑥
𝐢 +  

𝜕𝐵

𝜕𝑥
𝐣 +

𝜕𝐵

𝜕𝑥
𝐤  

1.6 

Where i, j, and k are unit vectors.  

It is particularly powerful because by just changing the magnetic field in a controlled manner, we 

can spatially encode the position of spins. Figure 1.6 shows how the spins changed their position 

when a magnetic field gradient applied to a spin echo pulse sequence. After a 90° rf pulse, the net 

spin magnetization turns to x-axis. The applied gradient field distorts the net spin and creates a 

“magnetization helix” with wavelength λ which is calculated in Eq. 1.7 

𝜆 =  
2𝜋

𝛾𝑔𝛿
  

   1.7 

Where γ is the gyromagnetic ratio of a nucleus; δ is the effective rectangular length of gradient 

pulse (or the gradient pulse duration), g is maximum gradient strengths 
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Figure 1.6. An example of the pulse sequence of PFG NMR diffusometry. a) Spin echo rf pulse 

sequence in the presence of magnetic field gradients b) Illustration of spin assemblage during PFG 

NMR diffusometry. After a 90° rf pulse, the net spin magnetization turns to x-axis. The applied 

gradient field distorts the net spin and creates a “magnetization helix” with wavelength λ. A second 

gradient pulse is applied to turn all the spin to refocus after 180° rf pulse. If there is no diffusion, 

all the spins will gather in phase, and there will be no NMR signal attenuation. If diffusion happens, 

there will be some of the spins move out of phase, which eventually results in the attenuation of 

the NMR signal. Figure reproduced from Callaghan.39-40  

90°
x
 180°

x
 

Spin Echo 

rf 

g 

Δ 

δ δ 

λ 

λ 

a) 

b) 
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A second gradient pulse is applied to turn all the spin to refocus after 180° rf pulse. If there is no 

diffusion, all the spins will gather in phase, and there will be no NMR signal attenuation. If 

diffusion happens, there will be some of the spins move out of phase, which eventually results in 

the attenuation of the NMR signal. The relationship between attenuation of signal and diffusion 

coefficient is given by Stejskal and Tanner in 1965 as shown in Eq. 1.8.37  

𝐼 =  𝐼 𝑒
∆

=  𝐼 𝑒       1.8    

Where I is the spin-echo signal intensity; I0 is the signal intensity at zero gradient; γ is the 

gyromagnetic ratio of a nucleus; δ is the effective rectangular length of gradient pulse, g is 

maximum gradient strengths; Δ is the duration between the two gradient pulses, and b is the 

Stejskal- Tanner factor. The self-diffusion coefficient was extracted from the exponential trend 

line between gradient strength vs. the ratio between the signal at applied gradient (I) and zero 

gradient (I0) as shown in Figure 1.7. 

  

Figure 1.7. The attenuation of signal intensity I/I0 as a function of gradient strength g during PFG 

NMR diffusometry and this is called a Stejskal-Tanner curve. This data and fit correspond to water 

0 10 20 30 40 50

0.0

0.5

1.0
 AEM_BTMA_67 wt%

I/
I 0

Gradient strength (G/cm)
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diffusion inside an anion exchange membrane with 67 wt% water uptake that exhibits a diffusion 

coefficient D = 3.4 × 10-10
 m2/s  ± 5% at 22 °C. 

1.4. Restricted diffusion  

When water diffuses inside a porous polymer, water will interact with the pathways for transport 

inside the polymer.  The water can reflect from “walls” formed by the hydrophobic polymer and 

have its motion restricted.  We can use the theory of restricted diffusion to explore this behavior 

in polymer membranes, following and expanding on previous work.41-42  

 

 

Figure 1.8. Comparison between free diffusion and restricted diffusion. Figure reproduced from 

Price.38 

Free Diffusion Restricted Diffusion 
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Figure 1.8 displays a particle diffuses in 2 cases, one is free diffusion, or random walk, moving 

without any restriction and one is restricted diffusion, heading in a limited sphere with radius R. 

Assume the sphere is reflecting sphere, which the particle cannot move through or relaxed by 

contact with boundary. 

Defined ξ =  
∆ 

Where D is diffusion coefficient of the molecule, Δ is diffusion time. The mean-square 

displacement or the diffusion length of the molecule can be calculated as  < 𝑟 > / = √2𝐷∆ 

We consider 3 cases of ξ. 

Case 1: ξ < 1 

In this case, the displacement of the molecule is smaller than the radius of the sphere. Therefore, 

the molecule does not experience any effect of confined geometry. The mean square placement of 

molecule inside the pore is the same as the mean square placement of molecule in free diffusion 

and linearly dependent on the Δ. 

Case 2: ξ ~ 1 

In this case, Δ becomes finite, a certain fraction of the particles will feel the effects of the boundary. 

The mean-square displacement will not linearly depend on the diffusion time. The diffusion 

coefficient, thus, will contain the information surface-to-volume ratio of confined geometry. Mitra 

derived the relationship of apparent diffusion and “surface-to-volume ratio of the confining 

geometry” as shown in Eq. 1.9.43  

𝐷(𝑡)

𝐷
≈ 1 − 

4

9√𝜋
𝐷 𝑡

𝑆

𝑉
+  𝜑 (𝜌, 𝑅, 𝑇)  

1.9 
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Where D(t) is the diffusion coefficient varied with the diffusion time, D0 is the bulk diffusion 

coefficient, t is the diffusion time, S/V is the ratio of surface to volume. 𝜑 (𝜌, 𝑅, 𝑇) is the deviation 

due to finite surface relaxivity and curvature (R) of the surfaces.  

Case 3: ξ > 1 

At long Δ, all the particles experience the effect of confined environment. Thus the diffusion length 

and diffusion coefficient no longer depend on Δ. The spin loses its memory about the starting 

point, and the echo signal attenuation of PFG NMR diffusometry become sensitive to the geometry 

of the confined environment. If the confined environment is not a single spherical pore, but a set 

of interconnected spheres, the diffusion coefficient can reveal information about the tortuosity (ℑ), 

an important parameter to study interconnected porous networks,  as shown in Eq. 1.10.44 A lower 

ℑ represents a better-connected network. 

ℑ =  
𝐷

𝐷
            

1.10 

In general, PFG NMR diffusometry is a powerful technique which can give us information about 

how molecules diffuse in a system. We can use PFG NMR diffusometry to measure diffusion 

coefficient of water in PEMs. Apart from free diffusion, water diffusion in PEMs is more likely 

behave as diffuse in a restricted channel. Using this restricted diffusion theory, we can thus gain 

insight into the influence of morphology on transport in polymer electrolyte membranes,19-20, 45-46 

which helps to improve their conductivity eventually. Ohkubo and his coworker used this theory 

to explain the behavior of water in Nafion and proposed a 2-steps diffusion attenuation.42 Our 

group has previously reported restricted diffusion of water in a polyelectrolyte-fluoropolymer 

blend membrane caused by micron-scale domain structure.41 In this study, restricted diffusion of 

water inside AEMs and CEMs is presented and will be further explained in Chapter 2.  
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Abstract 

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

conductivity in polymer electrolyte membranes (PEMs). Herein, we present comprehensive water 

transport measurements comparing anion-exchange membranes (AEMs) based on ammonium-

functionalized poly(phenylene oxide) and cation-exchange membranes (CEMs) based on 

sulfonated poly(ether sulfone). We investigate the influence of counter ions, alkyl sidechain, and 

degree of functionalization on water transport in AEMs and CEMs using pulsed-field-gradient 

(PFG) NMR diffusometry. Water diffusion in both AEMs and CEMs exhibit specific trends as a 

function of water uptake (wt%), indicating morphological similarities across common chemical 

structures.  Furthermore, restricted diffusion reveals micron-scale heterogeneity of the hydrophilic 

network in both CEMs and AEMs. We propose a model wherein the hydrophilic 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, counterion type, and polymer structure. We furthermore 

parse tortuosity into two regimes, corresponding to nm-to-bulk and m-to-bulk ranges, which 

reveal the importance of multi-scale morphological structures that influence bulk transport. This 

study provides new insights into polymer membrane morphology from nm to m scales with the 

ultimate goal of controlling polymeric materials for enhanced fuel cells and other separations 

applications.  
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2.1. Introduction 

As mentioned in Chapter 1, the most popular commercial low-temperature fuel cell (FC) 

technology currently available utilizes cation exchange membranes (CEMs) such as Nafion®.1 

These membranes employ precious metals such as platinum (Pt) as a catalyst, which is now the 

main limiter of FC cost. Numerous studies are focused on developing low-Pt-content catalysts by 

taking advantage of Pt nano-catalysts.2 V. Stamenkovic and P. Yang et al. have recently developed 

catalysts with ultra-low platinum content by using a PtNi3 nano-frame.3 When integrated into a 

membrane-electrode assembly (MEA), the PtNi3 nano-frame catalyst demonstrated a three-fold 

increase in the MEA performance of a traditional low loading Pt/C catalyst. While initial results 

seem promising, more studies about catalysts are needed to reduce the overall price of CEM-based 

FCs.4-5  

In addition to catalyst research, anion exchange membranes (AEMs) are an alternative 

currently being investigated to reduce the cost of FCs. Instead of using CEMs with expensive 

catalysts, AEMs can employ cheaper metals, such as nickel or silver, and AEMs have received 

much attention from the scientific community recently.6-7 Although more than 100 different AEM 

materials are reported in the literature, high performance examples that can meet all the 

requirements of practical fuel cells are few. 8-12   

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

FCs.13 While researchers have extensively studied relationships between water uptake, water 

diffusion, and conductivity in CEMs,14-17 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 

directly attached quaternary ammonium (QA) ions.18 They found that at sufficient hydration (λ ~ 
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12), the ionic mobility (diffusion) of AEMs under CO2-free conditions can be within a factor of 2 

of CEMs. Nevertheless, at low water uptake, the diffusion coefficient of hydroxide in AEMs falls 

more rapidly than the one of hydronium in CEMs, likely due to the less advanced phase-separated 

morphology in AEMs. Under a CO2-contaminated environment, the conductivity of AEMs 

decreased more dramatically because the carbonate form absorbs less water than the OH- form. 

Zhao et al. studied the relationship between water uptake and the diffusion coefficient of 

commercial A201 AEM (Tokuyama, Japan).19 The measured diffusion coefficient of water in 

A201 membrane showed the same order of magnitude (10-10 m2/s) as that of Nafion membrane. 

Cornelius et al. also investigated transport property differences between AEMs and CEMs.20 While 

the water self-diffusion coefficient in AEMs (polysulfone with QA) was greater than in CEMs 

(sulfonated polyphenylenes), the ionic conductivity and pressure-driven water permeability of 

AEMs were lower than in CEMs. Herring et al. studied restricted diffusion (dependence of the 

diffusion coefficient of the mobile species on diffusion time) of water in AEMs.21 They explained 

that when the diffusion time (Δ) increased, the diffusion of water decreased and reached a constant 

value when Δ ≥ 50 ms. Our group has previously reported multi-scale diffusion phenomena in 

CEMs due to micron-scale heterogeneity in the porous hydrophilic network phase.15, 17  

Further extensions to these studies are nevertheless needed to understand the ion and water 

transport properties (e.g., diffusion and tortuosity) of AEMs, and a clear model of the hydrophilic 

network in AEMs is still far from complete. Furthermore, the influence of chemical modifications 

such as alkyl sidechains and degree of functionalization on transport in AEMs and its interplay 

with morphology has yet to be understood. 

Therefore, we have investigated water transport in a series of cationic poly (2,6-dimethyl 

phenylene oxide) (PPO) AEMs with varying alkyl chain lengths.22 We compare these random 
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copolymer AEMs to random copolymer anionic poly(ether sulfone) CEMs and to the benchmark 

membrane Nafion. For each membrane chemical composition, we use pulsed-field-gradient (PFG) 

NMR diffusometry to study the relationship between the diffusion coefficient of water (DH2O) as 

a function of water content (wt. %) and as a function of diffusion time (Δ), the latter of which 

probes variable diffusion length.  We observe common diffusion behaviors in AEMs and CEMs 

of similar chemical structures and counterion as a function of water content.  We further observe 

that diffusion of water in AEMs and CEMs both decreased with increasing Δ, which reveals a 

micron-scale structure of restricted pathways for transport inside the polymer matrix.  We extract 

two types of tortuosity values from these measurements (a “microscale tortuosity” and a 

“nanoscale tortuosity”) that we use to understand transport behaviors that depend on 

morphological structures from nm to m scales.  We combine all of these measurements to 

investigate trends in transport spanning a range of polymer membrane compositions under 

different counterion and hydration conditions. Understanding such morphology-molecule-

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

rationally enhance the performance of AEMs for next generation fuel cells and other molecular 

separations applications.    

2.2. Experimental Section 

2.2.1. Materials  

 There are four series of samples: AEMs, synthesized in the bromide (Br-) form and then ion 

exchanged to hydroxide form (OH-), and CEMs, purchased from Yanjin Polymers Inc 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) (or 
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monomers of functionalized) from 20% to 60%. The AEMs are random copolymers of cationic 

quaternary ammonium poly(2, 6-dimethyl phenylene oxide) (PPO), with a fixed DF of 40%.22 The 

AEMs were converted from Br- to OH- by immersing in 1M NaOH under N2 atmosphere for 48 

hours. Similarly, the CEMs were converted from K+ to H+ by immersing in 1M HCl for 48 hours 

in ambient atmosphere. The chemical structures and sample’s information are shown in Scheme 

2.1 and Table 2.1 respectively. 

 

 

 

Scheme 2.1. Chemical structure of a) cationic quaternary ammonium poly (2,6-dimethyl 

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

sulfone CEM (proton and potassium form).  

  

b)  

a)  
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Table 2.1. Summary of sample information.  

Type Sample 
Counter

-ion 
DF 

IEC 
(meq/g) 

Wt. % H2O 
(Saturated) λ

  

AEM 

AEM_BTMAD40 (x = 1) (BTMA) 
OH- 

40 

2.67 130.0 27.0 
AEM_C6D40 (x=6) (C6) 2.25 66.0 16.0 

AEM_C10D40 (x=10) (C10) 
  

2.00 46.0 13.0 
AEM_C16D40 (x=16) (C16) 1.71 54.0 18.0 

AEM_BTMAD40 (x=1) (BTMA) 

Br- 

2.28 33.0 8.0 
AEM_C6D40 (x=6) (C6) 1.97 21.0 5.8 

AEM_C10D40 (x=10) (C10) 1.77 19.0 5.9 
AEM_C16D40 (x=16) (C16) 1.54 22.0 7.9 

CEM 

CEM_D60  (m=60) (D60) 

H+ 

60 2.42 96.0 22.0 
CEM_D50 (m=50) (D50) 50 2.08 65.0 17.0 
CEM_D40 (m=40) (D40) 40 1.72 42.0 14.0 
CEM_D30 (m=30) (D30)   30 1.34 29.0 12.0 
CEM_D20 (m=20) (D20) 20 0.93 68.0 41.0 
CEM_D60 (m=60) (D60) 

K+ 

60 2.22 55.0 14.0 
CEM_D50 (m=50) (D50) 50 1.93 30.0 8.6 
CEM_D40 (m=40) (D40) 40 1.62 27.0 9.2 
CEM_D30 (m=30) (D30)   30 1.27 19.0 8.4 
CEM_D20 (m=20) (D20) 20 0.89 41.0 26.0 

 

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

from reference.22 Each sample name is expressed as follows.  The type of membrane is followed 

by the number of the alkyl chain, then the degree of functionalization is followed by the counterion 

type. For example, AEM_C16D40_OH (C16_OH in short) refers to an anion exchange membrane 

with the percent of functionalized monomers (or degree of functionalization) equal to 40%, and 

attached to a 16-carbon alkyl sidechain with a hydroxide counterion. CEM_D20_K (D20_K in 

short) refers to a cation exchange membrane with a degree of functionalization equal to 20%, no 

alkyl sidechain attachment and with a potassium counterion. In total, there are 8 AEMs: BTMA, 
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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. 

2.2.2. NMR Sample Preparation 

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

NMR signal and wrapped with PTFE tape. Each sample was soaked in distilled deionized water 

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

remove surface water and wrapped in LDPE plastic food wrap. Finally, each sample was sealed 

inside a custom PTFE cell with low dead (air) volume,15-17 designed for an 8 mm coil, to eliminate 

water content changes during NMR analysis. An equilibration time of 30 minutes after sealing was 

used for membrane samples. 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 (𝑚𝑎𝑠𝑠 ). After 

finishing the NMR experiments, each sample was dried in a vacuum oven at 60 °C overnight to 

obtain the dry mass (𝑚𝑎𝑠𝑠 ). Water content was determined using the following equation: 

𝑤𝑡. % 𝐻 𝑂 =  
𝑚𝑎𝑠𝑠 −  𝑚𝑎𝑠𝑠

𝑀𝑎𝑠𝑠
 ×  100 2.1 

, where 𝑚𝑎𝑠𝑠   and 𝑚𝑎𝑠𝑠  stand for the mass of wet and dry membranes, respectively.  

Water content was converted to lambda (𝜆) (number of H2O per QA anionic or cation site) by the 

following equation: 

𝜆 =  
 𝑤𝑡. % 𝐻 𝑂 × 10

𝐼𝐸𝐶 ×  𝑀
 

2.2 

 

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

the molecular weight of water in g/mol.  
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2.2.3. Pulsed-Field-Gradient (PFG) NMR Diffusometry 

1H2O self-diffusion measurements were performed using the pulsed-gradient stimulated echo 

(PGSTE) NMR pulse sequence at 22 °C 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 was used. The 

NMR signal attenuation due to diffusion is described by the Stejskal-Tanner equation:23 

𝐼 =  𝐼 𝑒
∆

=  𝐼 𝑒  2.3 

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 gradient pulse 

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

or duration between the two gradient pulses, and b is the Stejskal-Tanner factor that encompasses 

all pre-set PGSTE parameters. The 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 

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 2.3. 

2.3. Result and Discussion 

2.3.1. Determine DH2O inside AEMs and CEMs 

Figure 2.1a shows the 1D pulse-acquire 1H-NMR spectrum of water in AEM_BTMA_OH at 67 wt. 

% H2O (water content). As we can see, there is a broad peak and a narrow single peak corresponding 

to polymer and water NMR signals. The water peak in AEM_BTMA_OH included both OH- and 
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H2O species, but the exchange process between these species occurs too fast for NMR to distinguish 

separate signals. The obtained DH2O is thus an average of these species, and this is similar for acidic 

species and water in CEMs. In the PFG NMR diffusometry experiment, the broad polymer peak 

disappeared due to relaxation time weighting from the PGSTE experiment, and we obtained only 

the narrow peak as illustrated in Figure 2.1b. We applied PFG NMR diffusometry through an 8-

step attenuation process to determine DH2O (Figure 2.1c). Figure 2.1d displays the signal attenuation 

curves for measurement of DH2O in AEM_BTMA_OH 67 wt. %, AEM_C6_OH 30 wt. % and 

CEM_D50_K 30 wt. % with values shown on the plot.   

 

a)  
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b)  

c)  
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Figure 2.1 a) 1D pulse-acquire 1H-NMR of AEM_BTMA_OH 67 wt. % at 22°C. The broad peak 

and the narrow peak correspond to polymer and water. b) The first slice of the PFG NMR 

diffusometry spectrum of AEM_BTMA_OH 67 wt. %. The broad peak disappears, and only the 

narrow (water) peak remains. c) Individual slices (spectra) from an 8-step PFG NMR diffusometry 

experiment on the representative sample AEM_BTMA_OH at 67 wt. % water uptake. d) 

Normalized NMR signal intensity ln (I/I0) vs. Stejskal-Tanner factor b of AEM_BTMA_OH 67 

wt. %, AEM_C6_OH 30 wt. % and CEM_D50_K 50 wt. %. The slope of the fit line is the DH2O . 

Errors in diffusion coefficients are ±5%.           

2.3.2. DH2O vs. water content 

Figure 2.2 shows the relationship between DH2O and water content (wt. % H2O) 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 empty shapes 

represent CEM_H (samples with H+ counter-ion) and CEM_K (samples with K+ counter-ion), 
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respectively. Nafion in proton form was used as a reference sample. Figure 2.2a compares the 

water diffusion of AEM_OH and CEM_H (see also Figure 2.4a). Among AEMs, 

AEM_BTMA_OH exhibited the highest saturated water content, leading to a higher DH2O, 

followed by AEM_C6_OH, AEM_C10_OH, and AEM_C16_OH. When alkyl sidechain length 

increased, the water content of these membranes decreased because hydrophobicity limits water 

absorption into the AEMs. As shown in Figure 2.2a, all AEM_OHs appear to follow a master curve 

with wt. % uptake (black dashed line to guide the eye). We note here that dependencies of transport 

on water uptake in terms of wt. % should correlate more strongly with morphological structure, 

while dependencies on uptake in terms of  (water molecules per ionic group, see next section) 

should reflect local molecular-scale changes. Thus, our smooth wt. % dependence indicates 

morphological similarity among these membranes. In other words, altering alkyl sidechain length 

does not substantially influence the morphology of AEMs. Similarly, all of the CEM_Hs followed 

a master curve (red dashed line) and showed faster diffusion by a factor of ≈ 1.5 relative to the 

AEM_OHs, which is slightly smaller than the ratio of the proton and hydroxide diffusion 

coefficient in free aqueous solution.24 In free solution, the local water-water and water-ion 

molecular interactions are the main determining factors for water diffusion. On the other hand, in 

a PEM both the local interactions and the morphology of the membrane influences diffusion of 

water. This leads to the differing ratio of the proton and hydroxide diffusion coefficients in PEMs 

as compared to aqueous solution. Nafion showed the highest DH2O compared to CEM_H and 

AEM_OH, although it absorbed less water, presumably due to its strongly interconnected 

nanophase-separated hydrophilic channel structure.14-16 
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Figure 2.2b compares the diffusion of water in CEM_K and CEM_H. Increasing the degree 

of functionalization of CEMs leads to an increase in water uptake of the membranes, resulting in 

faster diffusion. CEM_H, in general, showed somewhat slower diffusion than CEM_K. 

Furthermore, all CEM_Hs followed a similar trend while CEM_Ks did not, indicating some 

morphological difference between CEM_Ks and CEM_Hs.  As shown in Figure 2.2c, AEM_Br 

showed a fairly similar diffusion behavior compared to AEM_OH, but if we look closely at the 

expanded region (Figure 2.2d), the diffusion behavior of AEM_C6_OH and AEM_C10_OH 

follows the same curve while AEM_Br and AEM_C16_OH deviate from this the trend. It appears 

that the long hydrophobic alkyl spacer of AEM_C16 restricts the mobility of water, likely due to 

a change in self-organized morphology, which results in slower water diffusion. In addition, 

changing the counterion type leads to faster water diffusion in AEM_Br, which is most pronounced 

in BTMA_Br. This might be attributed to the electronegativity difference of the counterions (Br- 

vs. OH-), which likely modifies the local hydrophilic phase morphology. 
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Figure 2.2. DH2O in AEMs and CEMs obtained by 1H NMR diffusometry as a function of water 

content (wt %).  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.  d) Expanded view of Figure 

2.2c. We used Nafion as a reference sample. AEM_OH and CEM_H membranes appear to follow 

master curves, shown by the dashed lines (black and red, guides to the eye). CEM_H materials 

show faster diffusion than AEM_OH. CEM_K and CEM_H show different diffusion behavior 

indicating a counterion effect on morphology. The diffusion behavior of AEM_C6_OH and 

AEM_C10_OH follows the same curve while the AEM_Br and AEM_C16_OH deviate from this 

the trend. On the contrary, changing the counterion type leads to faster water diffusion in AEM_Br, 

which is most pronounced in BTMA_Br. Error bars for DH2O measurement range from ±5% for 

high water content and ±10% for low water content. All measurements performed at 22°C.  
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2.3.3. DH2O vs. λ (water – ion mole ratio)  

Figure 2.3 plots DH2O as a function of λ. The λ or water–ion mole ratio is the number of 

H2O per QA anionic or sulfonated cationic site, and it closely relates to IEC. λ can also refer to 

molar concentration of polymer ionic groups CM, as shown in Equation 2.4. 

𝜆 =  
1000

 𝐶 𝑀
  

2.4 

To understand the internal molecular environment of AEMs and CEMs, we measured the 

DH2O in trifluoromethane sulfonic acid (HOTf), p-Toluene sulfonic acid (TsOH), and 

tetramethylammonium hydroxide (TMAOH). Our group and others have previously used HOTf 

to study the internal environment of perfluorosulfonate ionomers (PFSIs).25-26 Here, we use HOTf, 

TsOH, and TMAOH as solution-state analogs to the local molecular environments in Nafion, 

sulfonated polyether sulfone CEM and quaternary ammonium PPO AEM, respectively. At high λ 

(low ion concentration), DH2O in TMAOH approach those in TsOH (λ = 39) as displayed in Figure 

2.3a. As λ decreases, DH2O of TMAOH falls more rapidly than TsOH and is about a half of DH2O 

of TsOH at λ = 7.5.  In general, the HOTf solutions gives the fastest water diffusion, followed by 

TsOH, and TMAOH. The remarkable water diffusion in HOTf is ascribed to its super acidity (pKa 

~ -14),27 which contributes to superior water transport in Nafion.26   

Figure 2.3b compares the water diffusion behavior of AEM_OH and CEM_H. Similar to 

water diffusion in HOTf, TsOH, and TMAOH, Nafion also shows the fastest diffusion, followed 

by slower diffusion in CEMs and then slowest in AEMs. In contrast to water diffusion as a function 

of  wt. % H2O (Figure 2.2), water diffusion of AEMs and CEMs as a function of λ do not follow a 

similar trend curves. CEM_D20_H has the lowest IEC among all of these membranes, which led 

to the lowest diffusion curve in Figure 2.3b. This lowest curve followed by CEM_D30_H, 
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CEM_D40_H, CEM_D50_H, and CEM_D60_H (only CEM_D20 and CEM_D60 shown in the 

Figure 2.3b) (See Figure 2.4b for all samples). AEMs also show the similar trend: C16 had the 

lowest IEC which led to the lowest diffusion. The DH2O inside AEM_OHs increases with IEC, as 

evident for C6, C10, and BTMA. It is important to note that the relationship between DH2O and λ 

is a combination of local molecular interactions, IEC, and to some extent morphology. Therefore, 

although IEC of CEM_D60_H is lower than that of AEM_BTMA_OH, its diffusion curve is still 

higher than AEM_BTMA_OH due to its faster local water transport and possible morphology 

differences (see Figures 2.8-2.10 below and associated tortuosity discussion). 

Figure 2.3c shows the diffusion of CEM_K and CEM_H. Generally, the CEM_K curves 

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

Clearly, when degree of functionalization increases, maximum water absorption increases leading 

to faster diffusion. Water diffusion in CEM_K exceeds the CEM_H marginally because of its low 

IEC relative to CEM_H.  

Figure 2.3d compares the diffusion vs. λ of AEM_Br and AEM_OH. Similar to CEMs, AEMs 

do not fall onto the similar trend curves as in Figure 2.2c. This arises due to the variation of local 

molecular environments for water transport, modulated by IEC, by alkyl sidechain length and by 

counterion type.  Further systematic study will be needed to understand the details of these subtle 

molecular-scale differences.    
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Figure 2.3. DH2O in AEMs and CEMs obtained by 1H NMR diffusometry as a function water-ion 

mole ratio λ.  a) HOTf, TsOH and TMAOH as free liquid solutions.  b) AEM_OH vs. CEM_H.  c) 

CEM_H vs. CEM_K.  d) AEM_Br vs. AEM_OH.  We used Nafion as a reference sample. At high 

λ (low ion concentration), DH2O for TMAOH approaches that of TsOH (λ = 39). As λ decreases, 
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DH2O for TMAOH falls more rapidly than for TsOH and is about a half  DH2O for TsOH at λ = 7.5.  

AEM_OHs and CEM_Hs do not follow similar trend curves as in Figure 2.2. The relationship 

between DH2O and λ is indicative largely of variations due to local ion-water interactions. Error 

bars for DH2O measurement are ±5% for high water content and ±10% for low water content. All 

measurements performed at 22°C. 

In short, the differences of diffusion behavior observed as a function of water wt. % and of λ can 

expose general pictures of morphology and local molecular (ion–water) as summarized in Figure 

2.4. Regarding wt. % dependencies, AEM_OH and CEM_H appeared to follow the same curve, 

indicating similarity of morphology. Varying counter ion type does change morphology in both 

AEMs and CEMs, although the shift is stronger for CEMs. Water diffusion in these 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 

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 drives 

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.  In the next 

section, we further explore morphology and local molecular effects through the use of “restricted 

diffusion” measurements (DH2O vs. diffusion encoding time ) combined with concepts of 

tortuosity. 
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.   

 

 

Figure 2.4. The diffusion coefficient of H2O inside AEMs and CEMs obtained by 1H NMR 

diffusometry at 22 °C as a function a) water wt. % b) water-ion mole ratio (λ). Nafion was used as 

a reference sample. The dotted lines are simply guides to the eye. The difference of diffusion 

behavior between λ and water content can show us the picture of general morphology and local 
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morphology (ion – water interaction).  Error bars for diffusion coefficient measurement are ≤ ±5% 

for high water content and ≤ ±10% for low water content sample. 

2.3.4. Restricted water diffusion  

Figure 2.5 illustrates the relationship between DH2O and the diffusion time  of water inside 

AEM_OH and CEM_H at saturated (top) and similar (bottom) water uptake. Both CEM_H and 

AEM_OH display a similar basic trend: when diffusion time  increases, water molecules interact 

with heterogeneous restrictions (such as domain boundaries or walls) leading to a decrease in DH2O, 

usually to an asymptotic value.  can also be easily converted to diffusion length lD by Equation 

2.5. 

 𝑙 = < 𝑟 > / = √2𝐷∆ 2.5 

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

diffusometry experiment. Among AEM_OHs, BTMA_OH absorbs the most water, resulting in the 

highest DH2O = 7.4 × 10   m2/s at Δ = 8 ms and corresponding to diffusion length lD = 2.4 μm.  

DH2O then decreased to 4.8 ×  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 

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.28-29  

At saturated water uptake, DH2O in AEM_OH and CEM_H varies widely because diffusion 

depends strongly on how much water the membrane can absorb. Nevertheless, if we fix the water 

content for all membranes near 20 wt. %, DH2O for all AEM_OHs fall on the same trend curve, 

where for all membranes DH2O decreased from approximately 7 ×  10  m2/s at  = 8 ms (or lD 
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= 0.8 μm) to 2 ×  10    m2/s at diffusion time of  = 512 ms (or lD = 2.7 μm). On the other hand, 

DH2O curves for different CEM_H membranes do not collapse as neatly onto one trend curve.  

 

Figure 2.5. Water diffusion DH2O vs. diffusion time Δ for AEM_OH and CEM_H at a) saturated 

and b) similar water uptake. The dotted lines are guides to the eye. At saturated water uptake, all 

membranes show restricted diffusion, although CEMs show decreasing DH2O at longer Δ values as 

compared to AEMs. At similar water content, AEMs closely follow a trend curve while CEMs do 
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not. Error bars for DH2O are ±5% at short Δ and ±10% for long Δ. All measurements performed at 

22°C. 

Figure 2.6 shows how counterion type influences morphology in AEMs by comparing the 

diffusion behavior of water inside AEM_OH and AEM_Br at both saturated and similar water 

uptakes. DH2O for both AEM_OH and AEM_Br decreases when Δ increases. AEM_Br absorbs 

less water than AEM_OH, and therefore DH2O for water-saturated AEM_Br is much smaller than 

for AEM_OH. However, at similar water content (wt. %), all AEM_OH and AEM_Br membranes 

fall onto the same trend curve. We note the exception of BTMA-Br, which presumably has a 

substantially different morphology due to the combination of the Br- counterion and the absence 

of an alkyl sidechain. This behavior confirms what we observe in the above section, where 

changing the counterion has relatively little influence on the morphology of AEMs.  
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Figure 2.6. Water diffusion DH2O vs. diffusion time Δ for AEM_OH and AEM_Br at a) saturated 

and b) similar water uptake. The dotted lines are guides to the eye. At similar water content, AEMs 

fall onto the same trend curve indicating similar morphology on the scale of the diffusion length 

of the measurements (0.5 – 20 µm). Changing counterion type does not significantly influence the 

morphology of AEMs. Error bars for DH2O are ±5% at short Δ and ±10% for long Δ. All 

measurements performed at 22°C.  
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In contrast to AEMs, changing counterion type does makes a more pronounced difference in CEM 

morphology, as shown in Figure 2.7. CEM_K absorbed less water than CEM_H and therefore 

DH2O for CEM_K was smaller than for CEM_H. However, DH2O for CEM_K showed a shallower 

dependence and less severe drop at longer Δ as compared to CEM_H.  This effect was more 

pronounced at similar water content (Figure 2.7b). These water diffusion behaviors demonstrate 

that the morphology of CEMs significantly changes with counterion type. 

In summary, AEMs show more strongly restricted diffusion on m length scales than 

CEMs, while CEM_Hs show more restricted diffusion than CEM_Ks. Changing counterion 

creates significantly more change to the diffusion in CEMs as compared to AEMs. These restricted 

diffusion behaviors in AEMs and CEMs indicate m-scale heterogeneity of the hydrophilic 

transport network, which will be further explored in the following section. 
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Figure 2. 7. Water diffusion DH2O vs. diffusion time Δ for CEM_H and CEM_K at a) saturated 

and b) similar water uptake. Changing counterion type influences the water transport and thus the 

µm-scale morphology of CEMs. Error bars for DH2O are ±5% at short Δ and ±10% for long Δ. All 

measurements performed at 22°C.  
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2.3.5. Multi-scale tortuosity in membranes 

                                                                

 

Figure 2.8. Illustration of tortuosity of the hydrophilic channel of PEMs a) Water molecule travels 

inside a cavity at short diffusion time b) Tortuous length of water molecule at long diffusion time  

Consider a water molecule diffusing in a confined pore with radius R.30 Assume the pore is a 

reflecting pore, 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 2.8a. 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.31 This model has seen wide application in a wide array of porous 

media (usually hard materials),32 and recently this has found use in porous polymeric systems such 

as PEMs,15 in which boundaries may not be hard walls, but instead can represent m-scale domain 

heterogeneities.  

a)  b)  

~ 1 nm 

Dloc 

~ 1 μm 

DH2O (up to D∞ ) 
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Tortuosity is an important parameter to study interconnected porous networks in which a 

lower ℑ represents a more fully connected network allowing 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 2.6.33  

ℑ =  
𝐷

𝐷
 

2.6 

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

within each nm-scale hydrophilic pore, as depicted in Figure 2.8a. While nanoconfinement effects 

may influence this intra-pore diffusion,25 in this study we make the simplfying approximation that 

Dloc is the diffusion coefficient of a bulk liquid solution with a similar ion concentration and ion 

types to those in the membrane interior (Figure 2.3a and Table 2.3). D∞ is the diffusion coefficient 

of probe molecule at infinite diffusion time  (or length lD), as depicted in Figure 2.8b. ℑ 

necessarily is ≥ 1, where ℑ = 1 is the tortuosity of an isotropic pure liquid. 

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 

function of .32, 34 For example, if we use water as the molecular probe and measure the DH2O  in 

10 ms, the diffusion length lD = 7 μm (< 𝑟 > / = √2𝐷∆ = √2 ×  2.3 ×  10  ×   10 =

6.8 × 10  m) or about the pore size of a conventional macroporous material such as a rock. For 

polymer membranes, PFG NMR diffusometry thus can extract observed DH2O over a range of 

length scales spanning approximately 0.1 to 100 m, and including 𝐷  the bulk DH2O through the 

whole membrane. 

We can consider AEMs and CEMs a porous material, in which the hydrophobic part of the 

polymer forms a structural matrix and the hydrophilic cavities form a porous network.15 Since the 
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hydrophilic cavities in PEMs are on the order of nanometers, we observe a long time (ms) and m-

scale average using PFG NMR diffusometry. However, we can vary to measure different DH2O 

values that encompass any m-scale heterogeneities in the membrane.35,15 If we minimize with 

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

the smallest length accessible by NMR diffusometry, usually ~ 0.1 m. Thus, we can subdivide 

the network tortuosity into two separate parameters: 

ℑ =
𝐷

𝐷
  

2.7 

ℑ =  
𝐷

𝐷
  

2.8 

To summarize, ℑ  is the “nano-to-bulk tortuosity” that arises from structures that range all the 

way from local molecular scales (nm) to bulk;  ℑ  is the “micron-to-bulk tortuosity” that arises 

from morphological heterogeneities that range from micrometer scale to bulk.  

To be more specific to this study, Dloc is the DH2O obtained in free liquid solutions as shown 

in Figure 2.3a and Table 2.3, where for AEMs we use TMAOH as the local diffusion standard, for 

CEMs we use TsOH, and for Nafion we use HOTf.  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 DH2O measured at the largest accessible due to the limitations in water 

1H T1 relaxation time.15 By employing the above analysis, ℑ  and ℑ  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.25, 36-37 

Table 2.2. Tortuosity of AEMs and CEMs 
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 Water 
wt% 

IEC 
(meq/g

) 
λ 

D0  
(x 10-10 
m2/s) 

D∞ 
(x 10-10 
m2/s) 

Dloc  
(x 10-10 
m2/s) 

ℑ  ℑ  

BTMA-OH  130.0 2.67 27.0 7.30 4.80 13.0 1.5 2.7 
BTMA-OH 21.0 2.67 4.40 0.70 0.15 1.2 4.7 8.0 

C6-OH 66.0 2.25 16.0 2.80 1.60 9.1 1.8 5.7 
C6-OH  25.0 2.25 6.20 0.80 0.21 2.0 3.8 9.6 

C10-OH 46.0 2.00 13.0 1.50 0.68 7.2 2.1 11.0 
C10-OH  19.0 2.00 5.30 0.72 0.17 1.5 4.2 8.8 
C16-OH  54.0 1.71 18.0 1.20 0.38 9.2 3.2 24.0 
C16-OH  26.0 1.71 8.40 0.63 0.13 3.3 4.8 25.0 
D20_H  68.0 0.93 41.0 5.20 1.30 16.0 4.0 12.0 
D20_H  24.0 0.93 14.0 1.20 0.20 9.4 6.0 47.0 
D30_H   29.0 1.34 12.0 1.70 0.34 8.3 5.0 25.0 
D30_H 24.0 1.34 10.0 1.10 0.43 7.2 2.7 17.0 
D40_H  42.0 1.72 14.0 3.10 0.61 9.0 5.1 15.0 
D40_H 26.0 1.72 8.40 1.60 0.21 5.8 7.8 28.0 
D50_H 65.0 2.08 17.0 5.01 2.60 11.0 1.9 4.1 
D50_H  24.0 2.08 6.40 1.04 0.46 4.4 2.3 9.6 
D60_H  96.0 2.42 22.0 7.07 6.10 12.0 1.2 1.9 
D60_H 26.0 2.42 6.0 0.96 0.28 3.9 3.5 14.0 

 
Table 2.3. Diffusion coefficient of water in Triflic acid (HOTf), p-Toluene sulfonic acid  (TsOH), 
and Tetramethylammonium hydroxide (TMAOH) 
 

 
λ 

D 
 ( x 10-10) 

 
λ 

D 
 ( x 10-10) 

 
λ 

D 
( x 10-10) 

 
 
 
 

Triflic 
acid 

(HOTf) 

16.0 14.0  
 
 

p-
Toluene 
sulfonic 

acid 
(TsOH) 

39.0 16.0  
 
 

Tetramethyl 
ammonium 
hydroxide 
(TMAOH) 

38.0 17.0 
13.0 13.0 22.0 12.0 28.0 13.0 

8.7 12.0 18.0 11.0 21.0 11.0 
6.0 8.7 14.0 9.4 16.0 9.1 
4.2 6.6 13.0 9.0 13.0 7.2 

  12.0 8.3 8.5 3.3 
  10.0 7.2 7.5 2.5 
  39.0 16.0   

  22.0 12.0   

  18.0 11.0   
 

Figure 2.9 shows ℑ  and ℑ  for both CEMs and AEMs as a function of water content. 

Additionally, all information concerning tortuosity and measured DH2O for membranes and free 
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solutions is summarized in Tables 2.2 and 2.3. As shown in Figure 2.9a, ℑ  strongly depends 

on water uptake, where the membranes show between a factor of 1.5 and 5 drop in ℑ  with 

increasing water content. AEM_BTMA_OH absorbed the most water, resulting in a low ℑ  at 

saturated water content, although at a similar (~ 20 wt. %) water content, AEMs with alkyl 

sidechains from BTMA to C10 had the similar ℑ , implying the similarity of hydrophilic 

network. However, C16 displays a significant higher ℑ  than other AEMs because the long 

hydrophobic alkyl spacer of AEM_C16 restricts the mobility of water, resulting to a poorer 

interconnected network. Among CEMs, D20 showed the highest ℑ , assumedly related to its 

low degree of (hydrophilic) functionalization that provides for poor phase-separation and thus 

weak hydrophilic cavity connectivity relative to D60. In general, the tortuosity of CEMs is higher 

than AEMs (except AEM_C16), indicating that overall the water transport morphology in CEMs 

is worse than AEMs. Since in general CEMs have faster overall diffusion than AEMs (Figure 2.2a) 

at equivalent water wt. %, this emphasizes that the local molecular effects contributing to bulk 

diffusion in CEMs tend to outweigh the worse morphological (tortuosity) effects. 

Figure 2.9b displays the relationship between micron-to-bulk tortuosity ℑ  as a function 

of water content, which is clearly much smaller in both of CEMs and AEMs as compared to  ℑ .  

ℑ  represents the degree of “disconnectivity” of water pathways, but only on the m scale. This 

indicates that for many of these PEMs (especially the CEMs), the nm-scale to m-scale 

heterogeneities (as indicated by the difference ℑ − ℑ ) dominate over the larger scale 

heterogeneities (ℑ ). For AEMs on the other hand, we see that ℑ  ≈ ℑ , indicating that 

the hydrophilic cavities are very well connected below the m scale. We believe this is the first 

instance of parsing the influence on bulk transport of subtle multi-scale heterogeneities. For such 
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random copolymer systems, we were surprised to find such strong effects due to ℑ . We 

propose a basic model below that is consistent with these observations.  

We note that these restricted diffusion observations contain information interpretable as 

the surface-to-volume ratio of the confined geometry, as shown by Mitra et al.30, 38 This analysis 

is more complex and difficult to interpret in these random copolymer systems as compared to the 

above tortuosity analysis, and will form the basis of future restricted diffusion studies in polymer 

membranes.  However, we have placed relevant information extracted from our fits of DH2O to the 

Mitra equation in the Appendix. 
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Figure 2.9. Tortuosity of AEMs and CEMs separated into two length scale ranges. a) Tortuosity 

from local to bulk (ℑ ). b) Tortuosity from micron to bulk (ℑ ). ℑ  for CEMs is 

substantially higher than for AEMs (especially at low water content), indicating that while the 

connectivity (morphology) is worse than in AEMs, the local molecular water transport in CEMs 

is better. ℑ  values are more similar among all membranes as compared to ℑ , indicating 

higher dispersity in sub-m morphological heterogeneities. Error bars for both tortuosity 

parameters are ±8% at high water content and ±15% at low water content. 
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Based on these tortuosity measurements and dependencies for these membranes, here we present 

a simple picture for the influence of water-content-dependent cavity connectivity on water 

transport (Figure 2.10). Figure 2.10a illustrates the nm-scale hydrophilic cavity network of PEMs 

at low, medium and high water content. At low hydration, the hydrophilic cavities (containing 

cluster of polymer-fixed ions and their associated counterions) are collapsed, resulting in a poorly 

interconnected hydrophilic network and slower overall bulk transport. At medium hydration, the 

hydrophilic cavities expand to fill up some “dead ends,” resulting in a better interconnected 

network. At high hydration, the hydrophilic cavities grow even larger and more strongly connect 

the network. There are many dead ends at the nanometer scale, and the distance between each 

dead-end is of order a few nanometers. Figures 2.10b and 2.10c illustrate the consequences of 

more strongly interconnected networks, where dead ends must cluster together in some way so as 

to create micrometer-scale heterogeneity that is reflected in the NMR restricted diffusion 

observations (ℑ ).  At lower water uptake (Figure 2.10b), the hydrophilic network is more 

disconnected at the micrometer scale, leading to increased ℑ . At higher water uptake, the 

hydrophilic channels expands as in Figure 2.10a to connect many more of the dead ends, resulting 

in larger effective domain size and lower network tortuosity (Figure 2.10c). We are continuing to 

pursue more detailed NMR, scattering, and microscopy studies in order to understand the specific 

origin of the micrometer-scale heterogeneity that we ascribe here to clusters (boundary layers) of 

dead ends. 

  



57 
 

a)  

b) 
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Figure 2.10. 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 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 domains on micrometer scales, as observed by NMR tortuosity 

measurements. This picture is idealized to show the concept, and of course this structuring would 

be much more irregular in terms of domain 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 or boundary 

layers of dead-ends, leading to a decrease in DH2O (restricted diffusion) and an increase in the 

tortuosity (both ℑ  and ℑ ). At high water uptake, the hydrophilic cavities expand to connect 

many more dead ends to form open pathways, leading to decreased tortuosity of the network.  

c) 
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2.4. Conclusion 

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 sidechain length, and hydration level. Our detailed NMR diffusometry measurements 

demonstrate diffusion that can vary dramatically with composition, and with the length scale of 

the measurement.  By plotting DH2O as a function of water wt. % uptake, we gain more insight into 

how morphology affects transport.  In a complementary way, by plotting DH2O as a function of the 

water-ion mole ratio λ, we gain insight into how local intermolecular interactions affect transport.  

AEMs in particular show a common trend of water diffusion vs. water wt. % (but not vs. λ), 

indicating similar morphology across these membranes.  Water diffusion in CEMs is generally 

faster than in AEMs, which arises from the faster local molecular transport effects in CEMs, even 

though from our studies AEMs exhibit more favorable morphology on scales larger than a few nm.   

Based on varying the diffusion time Δ (and thus the length scale probed), we see restricted 

diffusion in all membranes. Furthermore, we introduce two separate tortuosity parameters, one 

averaged from nm-scale to bulk and one averaged from m-scale to bulk, and these enable us to 

separately quantify the effects on transport of material heterogeneity on these different length 

scales.   We introduce a model in the paper 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.  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 m scales.    
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Extensions of this study are underway to gain more deep mechanistic information regarding the 

origins of the tortuosity and structural heterogeneities in these materials.  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 separations. 

  



61 
 

Reference 

1. Mauritz, K. A.; Moore, R. B., State of understanding of Nafion. Chemical Reviews 2004, 
104 (10), 4535-4585. 
2. Elezovic, N. R.; Radmilovic, V. R.; Krstajic, N. V., Platinum nanocatalysts on metal 
oxide based supports for low temperature fuel cell applications. Rsc Advances 2016, 6 (8), 6788-
6801. 
3. Chen, C.; Kang, Y. J.; Huo, Z. Y.; Zhu, Z. W.; Huang, W. Y.; Xin, H. L. L.; Snyder, J. 
D.; Li, D. G.; Herron, J. A.; Mavrikakis, M.; Chi, M. F.; More, K. L.; Li, Y. D.; Markovic, N. 
M.; Somorjai, G. A.; Yang, P. D.; Stamenkovic, V. R., Highly Crystalline Multimetallic 
Nanoframes with Three-Dimensional Electrocatalytic Surfaces. Science 2014, 343 (6177), 1339-
1343. 
4. Li, X. M.; Hao, X. G.; Abudula, A.; Guan, G. Q., Nanostructured catalysts for 
electrochemical water splitting: current state and prospects. Journal of Materials Chemistry A 
2016, 4 (31), 11973-12000. 
5. Shao, M. H.; Chang, Q. W.; Dodelet, J. P.; Chenitz, R., Recent Advances in 
Electrocatalysts for Oxygen Reduction Reaction. Chemical Reviews 2016, 116 (6), 3594-3657. 
6. Varcoe, J. R.; Slade, R. C. T.; Wright, G. L.; Chen, Y. L., Steady-state dc and impedance 
investigations of H-2/O-2 alkaline membrane fuel cells with commercial Pt/C, Ag/C, and Au/C 
cathodes. J. Phys. Chem. B 2006, 110 (42), 21041-21049. 
7. Hickner, M. A.; Herring, A. M.; Coughlin, E. B., Anion Exchange Membranes: Current 
Status and Moving Forward. Journal of Polymer Science Part B-Polymer Physics 2013, 51 (24), 
1727-1735. 
8. Zhu, L.; Pan, J.; Wang, Y.; Han, J. J.; Zhuang, L.; Hickner, M. A., Multication Side 
Chain Anion Exchange Membranes. Macromolecules 2016, 49 (3), 815-824. 
9. Pan, J.; Zhu, L.; Han, J.; Hickner, M. A., Mechanically Tough and Chemically Stable 
Anion Exchange Membranes from Rigid-Flexible Semi-Interpenetrating Networks. Chemistry of 
Materials 2015, 27 (19), 6689-6698. 
10. Zhu, L.; Pan, J.; Christensen, C. M.; Lin, B. C.; Hickner, M. A., Functionalization of 
Poly(2,6-dimethyl-1,4-phenylene oxide)s with Hindered Fluorene Side Chains for Anion 
Exchange Membranes. Macromolecules 2016, 49 (9), 3300-3309. 
11. Zhu, L.; Zimudzi, T. J.; Li, N. W.; Pan, J.; Lin, B. C.; Hickner, M. A., Crosslinking of 
comb-shaped polymer anion exchange membranes via thiol-ene click chemistry. Polymer 
Chemistry 2016, 7 (14), 2464-2475. 
12. Mohanty, A. D.; Lee, Y.-B.; Zhu, L.; Hickner, M. A.; Bae, C., Anion Exchange Fuel Cell 
Membranes Prepared from C–H Borylation and Suzuki Coupling Reactions. Macromolecules 
2014, 47 (6), 1973-1980. 
13. Jiao, K.; Li, X. G., Water transport in polymer electrolyte membrane fuel cells. Progress 
in Energy and Combustion Science 2011, 37 (3), 221-291. 
14. Li, J.; Park, J. K.; Moore, R. B.; Madsen, L. A., Linear coupling of alignment with 
transport in a polymer electrolyte membrane. Nature Materials 2011, 10 (7), 507-511. 
15. Hou, J. B.; Li, J.; Mountz, D.; Hull, M.; Madsen, L. A., Correlating morphology, proton 
conductivity, and water transport in polyelectrolyte-fluoropolymer blend membranes. Journal of 
Membrane Science 2013, 448, 292-299. 



62 
 

16. Li, J.; Wilmsmeyer, K. G.; Madsen, L. A., Anisotropic Diffusion and Morphology in 
Perfluorosulfonate Ionomers Investigated by NMR. Macromolecules 2009, 42 (1), 255-262. 
17. Hou, J.; Li, J.; Madsen, L. A., Anisotropy and Transport in Poly(arylene ether sulfone) 
Hydrophilic−Hydrophobic Block Copolymers. Macromolecules 2010, 43 (1), 347-353. 
18. Marino, M. G.; Melchior, J. P.; Wohlfarth, A.; Kreuer, K. D., Hydroxide, halide and 
water transport in a model anion exchange membrane. Journal of Membrane Science 2014, 464, 
61-71. 
19. Li, Y. S.; Zhao, T. S.; Yang, W. W., Measurements of water uptake and transport 
properties in anion-exchange membranes. International Journal of Hydrogen Energy 2010, 35 
(11), 5656-5665. 
20. Hibbs, M. R.; Hickner, M. A.; Alam, T. M.; McIntyre, S. K.; Fujimoto, C. H.; Cornelius, 
C. J., Transport Properties of Hydroxide and Proton Conducting Membranes. Chemistry of 
Materials 2008, 20 (7), 2566-2573. 
21. Janarthanan, R.; Horan, J. L.; Caire, B. R.; Ziegler, Z. C.; Yang, Y.; Zuo, X. B.; 
Liberatore, M. W.; Hibbs, M. R.; Herring, A. M., Understanding Anion Transport in an 
Aminated Trimethyl Polyphenylene with High Anionic Conductivity. Journal of Polymer 
Science Part B-Polymer Physics 2013, 51 (24), 1743-1750. 
22. Li, N.; Leng, Y.; Hickner, M. A.; Wang, C.-Y., Highly Stable, Anion Conductive, Comb-
Shaped Copolymers for Alkaline Fuel Cells. Journal of the American Chemical Society 2013, 
135 (27), 10124-10133. 
23. Stejskal, E. O.; Tanner, J. E., SPIN DIFFUSION MEASUREMENTS: SPIN ECHOES 
IN THE PRESENCE OF A TIME-DEPENDENT FIELD GRADIENT. Journal of Chemical 
Physics 1965, 42 (1), 288-292. 
24. Tuckerman, M.; Laasonen, K.; Sprik, M.; Parrinello, M., Ab initio molecular dynamics 
simulation of the solvation and transport of hydronium and hydroxyl ions in water. The Journal 
of Chemical Physics 1995, 103 (1), 150-161. 
25. Lingwood, M. D.; Zhang, Z. Y.; Kidd, B. E.; McCreary, K. B.; Hou, J. B.; Madsen, L. A., 
Unraveling the local energetics of transport in a polymer ion conductor. Chemical 
Communications 2013, 49 (39), 4283-4285. 
26. Paddison, S. J.; Paul, R.; Zawodzinski, T. A., Proton friction and diffusion coefficients in 
hydrated polymer electrolyte membranes: Computations with a non-equilibrium statistical 
mechanical model. Journal of Chemical Physics 2001, 115 (16), 7753-7761. 
27. Chemical Rubber Company., CRC handbook of chemistry and physics. CRC Press.: 
Boca Raton, Fla. etc. 
28. Zhang, J. H.; Giotto, M. V.; Wen, W. Y.; Jones, A. A., An NMR study of the state of ions 
and diffusion in perfluorosulfonate ionomer. Journal of Membrane Science 2006, 269 (1-2), 118-
125. 
29. Hou, J.; Madsen, L. A., New insights for accurate chemically specific measurements of 
slow diffusing molecules. The Journal of Chemical Physics 2013, 138 (5), 054201. 
30. Price, W. S., Pulsed-field gradient nuclear magnetic resonance as a tool for studying 
translational diffusion: Part 1. Basic theory. Concepts in Magnetic Resonance 1997, 9 (5), 299-
336. 
31. Barrie, P. J., Characterization of porous media using NMR methods. In Annual Reports 
on Nmr Spectroscopy, Vol 41, Webb, G. A., Ed. Elsevier Academic Press Inc: San Diego, 2000; 
Vol. 41, pp 265-316. 



63 
 

32. Valiullin, R., Diffusion NMR of confined systems : fluid transport in porous solids and 
heterogeneous materials. Royal Society of Chemistry: Cambridge, 2017; p xvii, 576 pages. 
33. Shen, L.; Chen, Z. X., Critical review of the impact of tortuosity on diffusion. Chemical 
Engineering Science 2007, 62 (14), 3748-3755. 
34. Callaghan, P. T., Translational dynamics and magnetic resonance : principles of pulsed 
gradient spin echo NMR. Oxford University Press: Oxford ; New York, 2011; p xvii, 547 p. 
35. Ohkubo, T.; Kidena, K.; Ohira, A., Determination of a Micron-Scale Restricted Structure 
in a Perfluorinated Membrane from Time-Dependent Self-Diffusion Measurements. 
Macromolecules 2008, 41 (22), 8688-8693. 
36. Yu, Z.; He, Y.; Wang, Y.; Madsen, L. A.; Qiao, R., Molecular Structure and Dynamics of 
Ionic Liquids in a Rigid-Rod Polyanion-Based Ion Gel. Langmuir 2017, 33 (1), 322-331. 
37. Wang, Y.; Chen, Y.; Gao, J. W.; Yoon, H. G.; Jin, L. Y.; Forsyth, M.; Dingemans, T. J.; 
Madsen, L. A., Highly Conductive and Thermally Stable Ion Gels with Tunable Anisotropy and 
Modulus. Advanced Materials 2016, 28 (13), 2571-2578. 
38. Mitra, P. P.; Sen, P. N.; Schwartz, L. M., Short-time behavior of the diffusion coefficient 
as a geometrical probe of porous media. Physical Review B 1993, 47 (14), 8565-8574. 

 

  



64 
 

Appendix 

Multiscale diffusion of water in CEMs and AEMs, and Mitra restricted diffusion analysis 

In addition to the tortuosity analysis presented in Chapters 1 and 2 of this thesis, I also used a more 

complex model to analyze our diffusion coefficient data in all of the cation- and anion-exchange 

membranes.  This Appendix summarizes that work, including more in-depth description of the 

commercial membrane Nafion®. 

Nafion is a copolymer of tetrafluoroethylene with less than a 15% degree of ionic (sulfonate) side 

group functionalization.1 Nafion draws significant attention as a cation exchange membrane 

(CEM) due to its excellent ion transport as well as superior thermal, chemical and mechanical 

stability.2-4 Nafion’s characteristic mainly comes from its well nanophase-separated morphology 

between the hydrophobic matrix and hydrophilic network.1 Nafion has been broadly used as a 

reference sample for polymer electrolyte membranes (PEMs).5-7  

The measurement of the diffusion coefficient of liquid molecules in a porous environment is 

critical because it can yield vital information about the morphology of porous environments such 

as sedimentary rocks, fuel-cell membranes, or human circulation.8 As shown in Chapter 1, PFG 

NMR diffusometry can measure the self-diffusion coefficient of liquid molecules.9 Mitra and his 

coworker have quantitatively developed a model to extract the surface area to volume ratio of 

micro geometry from the dependence of diffusion coefficient on diffusion time.10 Besides, Mitra 

also developed a theory about the “diffraction-like behavior” of spin echo amplitude in long 

diffusion time to reveal the information of pore connectivity.11-12 Although the “diffraction-like 

behavior” phenomenon is fascinating; it is beyond the scope of this work. 
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Theoretically, Nafion can be considered as a porous material, in which, hydrophobic part is a solid 

matrix providing mechanical structure, and the hydrophilic network provides the pores for water 

and ion transport. We applied Mitra theory of restricted diffusion to explore this behavior in Nafion 

membranes, following and expanding on previous work.13 Nevertheless, due to the initial nature 

of our understanding of morphology in these random copolymer PEMs, our Mitra analysis requires 

further development for a complete PEM transport-morphology model.  Thus, I have decided to 

focus on tortuosity arguments and not to incorporate the more complex Mitra analysis. 

According to Mitra, in short diffusion time, a certain fraction of the particles will feel the effects 

of the boundary. The diffusion coefficient, thus, will contain the information surface-to-volume 

ratio of the confined geometry as shown in Eq. 1.10  

                                     
( )

≈ 1 −  
√

𝐷 𝑡 +  𝜑 (𝜌, 𝑅, 𝑇) (1)                                           

Where D (t) is the diffusion coefficient varied with the diffusion time, D0 is the bulk diffusion 

coefficient, t is the diffusion time, S/V is the ratio of surface area to volume. 𝜑 (𝜌, 𝑅, 𝑇) is the 

deviation due to the finite surface relaxivity and curvature (R) of the surfaces.  

From the Mitra equation, we can derive the surface area to volume ratio and D0. D0 in this case 

nevertheless is not the diffusion coefficient of bulk water because it is from three to thirty times 

smaller. Ohkubo and his coworker proposed a 2-step diffusion attenuation to explain the behavior 

of water in Nafion as illustrated in Figure A1.14 Before water molecules hit the wall of the 

nanometer hydrophilic channel, the diffusion coefficient of water remains as the bulk diffusion 

(the diffusion time is in the order of ps). When the diffusion length of water molecules exceeds the 

diameter of the channel, its diffusion coefficient decreases until it reaches D0. According to 

Ohkubo, D0 reflects the diffusion within the homogeneous network of channel and contains 



66 
 

information about tortuosity. When diffusion time increased to ms, the diffusion coefficient of 

water kept decreasing until it reached equilibrium. There may be two factors contributing to the 

attenuation of the diffusion coefficient as the tortuous cavity diffusion distance (for the attenuation 

at nm scale) and the cavity network diffusion distance (for the attenuation at μm scale) 

 

Figure A1. Multiscale diffusion of water in Nafion. There is 2-steps diffusion timescale, one in 

the order of ps and one is in the order of ms. D0 reflects the diffusion within the homogeneous 

network of channel and contains information about tortuosity. There may be two-factor 

contributing to the attenuation of the diffusion coefficient as the tortuous cavity diffusion distance 

(for the attenuation at nm scale) and the cavity network diffusion distance (for the attenuation at 

μm scale). Figure reproduced from Ohkubo et al.14  
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Surface area to volume ratio and Rc derived from Mitra equation 

The Mitra equation has been applied broadly to study the morphology of porous material. If we 

use water as the molecular probe and measure the diffusion time in 1 ms, apparent diffusion length 

would be ~ 1.5 μm, about the pore size of the conventional porous molecule.  

Theoretically, we also can consider AEMs and CEMs as a porous material, in which, hydrophobic 

part is a solid matrix providing mechanical structure, and the hydrophilic channel provides the 

pores for water and ion transport. Nevertheless, the hydrophilic channel of PEMs is on the order 

of one or a few nanometers, which would require a PFG NMR diffusion time on the order of 

nanoseconds, which is too small a time scale to reach with PFG NMR. 

To overcome this limitation, we can consider the micrometer structure of PEMs as the assemblage 

of thousands of nanometer-scale channels. D0 is now the diffusion coefficient average over ~ 1 nm 

pathways structure, representing the homogeneity in micrometer. Eq. 1 is then valid for “short 

time” region for PFG-NMR diffusometry. It is noted that the definition of short time is relative in 

here. At low water content, the hydrophilic domain shrinks, the “short” length scale is about ~ 2 – 

5 μm. However, at saturated water content, the hydrophilic channel absorbs water to expand, the 

“short” length scale may rise to 10-15 μm. Figure A2 shows the average domain size of AEMs and 

CEMs at the saturated water content and same water content. All this information is summarized 

in Table A1.  
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Figure A2. Diffusion coefficient vs. diffusion time square root of AEMs and CEMs at a) saturated 

water uptake b) similar water uptake. Error bars for diffusion coefficient measurement are ≤ ±5%  
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Table A1. Average domain size information 

 wt. % H2O Rc (x 10-5 m) S/V (x 105 m-1) 

AEM_BTMA_OH 133.0 1.24 0.81 

AEM_BTMA_OH 21.0 0.15 6.60 

AEM_C6_OH 66.0 1.04 0.97 

AEM_C6_OH 25.0 0.15 6.50 

AEM_C10_OH 46.0 0.39 2.60 

AEM_C10_OH 19.0 0.16 6.30 

AEM_C16_OH 54.0 0.31 3.20 

AEM_C16_OH 26.0 0.18 5.60 

CEM_D20_H 66.0 0.84 1.20 

CEM_D20_H 24.0 0.08 12.0 

CEM_D30_H 29.0 0.18 5.70 

CEM_D30_H 24.0 0.10 9.60 

CEM_D40_H 42.0 0.24 4.10 

CEM_D40_H 26.0 0.17 6.0 

CEM_D50_H 67.0 0.91 1.10 

CEM_D50_H 24.0 0.17 6.0 

CEM_D60_H 94.0 1.90 0.50 

CEM_D60_H 26.0 0.15 6.60 
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