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Abstract 

   Investigating the structural and dynamical properties, charge transport and membrane 

degradation in anion exchange membranes (AEMs) using atomistic-scale simulations 

provides a guideline in the design of new high-performance membrane fuel cells. In this 

work, we demonstrate a multiscale simulation strategy that combines molecular dynamics 

simulations using the non-reactive polarizable (APPLE&P) and reactive (ReaxFF) force 

fields. From the comparison of APPLE&P and ReaxFF results for four model AEMs with 

different functionalized groups, we show the importance of the Grotthuss mechanism for 

the OH- diffusion, as well as for water self-diffusion in high OH- concentration 

environments. With the incorporation of proton hopping in ReaxFF, the OH- diffuses 

much easier through bottlenecks in the water channels, without losing some coordinating 
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water molecules. Furthermore, investigation of chemical degradation selectivity in 

different membranes with ReaxFF indicates that AEMs with cations connecting to large 

hydrophobic groups have better chemical stability. Considering the balance of transport 

and stability properties of AEMs, we propose a potential candidate for high performance 

membranes.  

1 Introduction 

   Anion exchange membranes (AEMs) have been proposed as a potential alternative to 

proton exchange membranes for an application in fuel cells and attracted widespread 

attention in the past two decades due to their ability to use the low cost of 

noble-metal-free electrodes.1-4 However, the practical use of AEMs is still challenging 

because of their relatively low chemical stability in highly alkaline environments and at 

elevated temperatures.5 It is known that the most common polymer-bound cation, the 

quaternary ammonium, undergoes a variety of chemical degradation pathways involving 

substitutions, Hofmann elimination and other rearrangements.6-8 Therefore, improving the 

stability of AEM with prominent conductivity is an important target in the design of 

good-performance AEMs. Recent experimental studies indicate that membranes with 

long alkyl side chain have much better alkaline stability and sufficient long-term stability 

in fuel cell application compared to membranes with the short cationic side chains.5, 9, 10 

In consistence with experiments, the ReaxFF molecular dynamics (MD) simulation also 

showed that long hydrophobic alkyl side chain can prohibit the OH− from approaching 

the cation center resulting in a lower degradation rate.11   

 By taking advantage of MD simulations coupled with high performance computing 

capabilities, the large-scale simulations provide more details in the material properties, 
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which can be very helpful in the design of novel AEMs with enhanced performance. 

However, there still remain some challenges in extracting such information from AEM 

simulations at nano scale level. One of such challenges is the conductivity prediction. The 

OH- diffusion, the main charge carrier contributing to conductivity, involves both the 

Grotthuss hopping12 and vehicular diffusion through water channels in AEMs.13 

Conventional classical MD simulation methods do not take the Grotthuss hopping into 

account and they thus can only sample the vehicular portion of OH- diffusion.11 Ab initio 

MD (AIMD) simulations have the ability to describe the proton hopping behavior, but 

significant computational cost limits the applications in very small systems at short time 

scales, which usually leads to poor sampling of different local environments/events that 

can occur in the AEM.14, 15 As such, classical methods are still commonly used to study 

membrane microstructure and transport characteristics at nano scale. For instance, 

Zhuang group employed coarse-grained MD simulation to identify the optimal AEM 

from several candidate polymer structures and the results of their simulations showed 

good agreement with experimental observations.16 Lu et al. recently studied the 

relationship between water activity and water content in polymer electrolyte 

membranes.17 Several research groups have developed hybrid methods incorporating the 

proton hopping into traditional classical MD methods to study H3O
+/OH- diffusion. For 

example, Devanathan et al. employed quantum hopping (Q-HOP) MD simulation 

approach to consider the proton transport in the membrane.18 Voth and coworkers applied 

multistate empirical valence bond (MS-EVB) approach to study AEMs and proton 

exchange membranes.19, 20 

 Another challenge in AEM simulations is the chemical degradation process of 

Page 3 of 30 Journal of Materials Chemistry A



4 
 

membrane. As mentioned above, AEMs usually exhibit poor chemical stability in alkaline 

environments at high temperatures in comparison to proton exchange membranes and it is 

usually a detrimental issue limiting the performance and lifetime of AEMs.21-23 However, 

most of simulation tools mentioned above cannot be employed to investigating the 

chemistry of membrane because they were developed on the basis of fixed connectivity 

of atoms, therefore not being able to describe the bond breaking and formation. For this 

reason, ReaxFF approach is more suitable to study the chemical aspects of proton 

transport and AEM chemical degradation. ReaxFF is a bond order dependent reactive 

force field, capable of simulating chemical reactions in large system ( > 106 atoms at 

nanosecond time scale).24, 25 It has been widely used to study the high-energy materials, 

metals/metal oxides and polymer decompositions in the gas and solid phases, as well as 

the chemical reaction at interface.26-29 Our previous studies have shown the ReaxFF is 

indeed capable of predicting the proton transport and chemical degradation in AEMs.11  

 However, ReaxFF is still a relatively expensive method compared to traditional 

classical methods to simulate polymeric systems at large scale. Thus, in this work, we 

have combined the Atomistic Polarizable Potential for Liquids, Electrolytes, & Polymers 

(APPLE&P) classical polarizable force field and ReaxFF reactive force field to study a 

series of poly (p-phenylene oxide) (PPO) based AEMs, where the side chain is 

functionalized with different quaternary ammonium cationic groups. Simulation using the 

APPLE&P model has the ability to give better sampling of the system on long-time 

scales (e.g. microseconds). Recently, we have demonstrated that combination of the 

APPLE&P and ReaxFF simulations is an efficient way to investigate the Grotthuss 

mechanism transport in AEMs.30 However, the balance between conductivity and 
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chemical stability is more crucial in the design of high performance AEMs. In this work, 

we therefore systematically studied the cationic side chain length effect on the structure, 

charge transport and chemical stability of model AEMs. It should be mentioned that 

structural and dynamic properties of degraded AEMs can also be studied by switching the 

ReaxFF back to APPLE&P MD simulation. With this alternating strategy, one can study 

the degradation effect on the phase segregation of membranes efficiently at a relatively 

larger length and sufficiently long-time scales. 

 On the basis of our combined APPLE&P and ReaxFF study of AEMs with different 

functional cationic groups and the comparison of the predicted membrane structure, 

hydroxide transport and chemical stabilities, we identify the most promising polymer 

functional group for the potential application in PPO-based AEM fuel cell. The novel 

simulation concept paves a new way towards the theoretical understanding and prediction 

of both physical and chemical properties of realistic polymer membrane electrolytes.  

 

2 Computational Methods 

2.1 Systems 

In this work, we investigated four AEMs comprised of PPO chains functionalized 

with different cationic groups as shown in Figure 1. There are 16 chains in each system and 

each polymer chain contained 5 monomers (n=5 in Figure 1) with each monomer 

containing a hydrophobic and hydrophilic unit. For PPO-based AEMs the hydration levels 

(λ), defined as the ratio of water and hydroxide ions, are typically between 5 and 20 as 

reported in experimental literatures.31, 32 It is known that too low water uptake often leads 

to low conductivity and poor chemical stability while too high water uptake results in high 
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dimensional swelling and low mechanical strengths of membrane electrode assemblies.17 

Therefore, in this work we investigated membranes with intermediate hydration level λ=10 

which is consistent with typical experimentally functioning PPO-based membranes 

containing 80 hydroxide ions and 800 water molecules for each system. For the purpose 

of understanding the influence of water content on membrane characteristics, we also 

studied the PPO-3C1 and PPO-3C3 membranes with other hydration levels, such as λ=5 

and 17. 

 

  

Figure 1: The chemical structures of PPO-3C1, PPO-2C1-C6, PPO-2C1-EO and 

PPO-3C3 (left panel). The backbones of all AEMs are the same and functional groups of 

R1, R2 and R3 are different. A typical snapshot of simulation box (PPO-2C1-C6) is given in 

the right panel.  

2.2 APPLE&P Polarizable Molecular Dynamics Simulations 

    The preparation of simulation systems utilizing APPLE&P force field was consistent 

with our recent study of PPO-based AEMs.30
 Initially, the polymer chains, hydroxide ions 

and water molecules were randomly placed inside a 300  300  300 Å cubic box. The 

simulations box was shrunk over short MD simulation to dimensions expected for these 
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systems at 1 atm. and 298 K. Short simulations in the NPT ensemble were conducted to 

obtain stable simulation cell dimensions. Next simulations using annealing strategy was 

employed to accelerate polymer relaxation from various local minima and promote the 

migration of species for micro-phase segregation.33, 34 In these simulations the systems 

were heated up to 2000 K in the NVT ensemble with a gradual change of temperature. At 

this elevated temperature, a 3 ns simulation run was conducted in the NVT ensemble to 

allow relaxation of polymer conformations and hydration structures. Within another 3 ns, 

the system was annealed to 298 K, followed by a 5 ns run in the NPT ensemble to 

equilibrate the system. Production runs in the NPT ensemble were subsequently conducted 

over 30 ns. In our recent study, we have demonstrated that the cooling rate shows rarely 

affect the polymer morphology and OH-anion/water dynamics.35 For example, two more 

independent system realizations have been set up starting from random initial 

configurations in the large simulation box. But the resulting distributions of water 

channel dimensions and dynamical properties of species were very similar between 

different realizations as shown in Figures S10 and S11, respectively.  

2.3 ReaxFF Reactive Molecular Dynamics Simulations 

   Generally, in order to prevent membrane degradation in the ReaxFF annealing 

procedure, OH- anion has to be replaced by water molecule and then changed back to 

study the structural properties of real system at room temperature.11 However, our recent 

APPLE&P study demonstrated that the polarization interactions significantly affect the 

hydration structure of water around hydrophobic polymers.36 One thus expects that 

replacement of OH- might change the local environment and possibly affect the structure 

of the hydrated AEMs. Performing ReaxFF MD simulation based on the configurations 
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sampled from long-term APPLE&P simulations allows us to avoid the annealing 

simulation in ReaxFF, as well as to lower computational cost. In this work, all ReaxFF 

simulations were run with the recently parameterized CHNO-2017_weak reactive force 

field potential, which showed good description of weak interactions of functionalized 

hydrocarbon/water in condensed phase as discussed elsewhere.37 A 200 ps NPT/MD 

simulation at room temperature was first performed to equilibrate the density of system. 

After that, we performed a 1.0 ns NVT/MD simulation at 300 K and the data from the last 

800 ps were used to obtain the reliable structural and dynamical properties. In the study of 

AEM degradation, the 250 ps simulations were run at 500 K, which is higher than typical 

experimental operation temperature (usually ~380 K9), to accelerate the degradation rate. 

The time step was set to 0.25 fs and the Berendsen thermostat was employed with pressure 

and temperature damping constant of 2500 and 100 fs for the NPT and NVT MD 

simulations, respectively. All ReaxFF simulations were carried out with ADF-2017 

computational chemistry package.38 It should be mentioned that the change of polymer 

conformation usually requires very long simulation times. However, we mainly focus on 

the hydroxide transport and chemical degradation at a particular morphology in this work. 

We believe that the strategy of switching between ReaxFF and APPLE&P MD 

simulations can provide a powerful way to study the polymer conformation effect on the 

membrane properties. 

3 Results and Discussion 

3.1 Mapping between ReaxFF and APPLE&P 

   Comparing the density is a straightforward criterion to evaluate the consistency 

between APPLE&P and ReaxFF force fields in the description of system thermodynamics. 
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The predicted densities at room temperature with two force fields are summarized in Table 

1 for all investigated AEMs. The ReaxFF densities are in excellent agreement with the 

APPLE&P predictions (less than 1.0% deviation). Also, as expected, the higher water 

uptake leads to higher dimensional swelling of the membrane. For example, the volume for 

the PPO-3C1 membrane with λ=17 is about 24.8% larger than that with λ=10. Although, 

as our study demonstrated previously, the higher hydration level enhances the 

conductivity of membrane,11 the membrane swelling usually causes low mechanical 

strength and difficulty in maintaining the in situ integrity of membrane electrode 

assemblies,39, 40 both of which are undesirable for fuel cell applications.  

Table 1. Comparison of densities (g/cm3) predicted with APPLE&P and ReaxFF 

NPT/MD simulations at 300 K, respectively. 

AEMs APPLE&P ReaxFF 

PPO-3C1 1.1590.005 1.1660.002 

PPO-2C1-C6 

PPO-2C1-EO  

PPO-3C3 

PPO-3C1 (λ=17) 

1.1140.004 

1.1450.004 

1.1130.004 

1.1610.004 

1.1210.003 

1.1450.001 

1.1090.001 

1.1530.001 
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Figure 2:  a) Water channels in PPO-3C3 membrane drawn at 50% of bulk water 

density (isosurface in solid representation obtained from APPLE&P simulations, 

wireframe representation after mapping and equilibration using ReaxFF). b) 

Comparison of the polymer phase, in which red and green skeletons are for the polymers 

from APPLE&P and after mapping to ReaxFF, respectively.  

   To visualize a comparison between membrane configurations simulated using the 

APPLE&P and ReaxFF models, a typical snapshot of an AEM is presented in Figure 2. 

We observe that the original APPLE&P predicted configuration is preserved very well 

after it is mapped to ReaxFF simulations. It indicates that the ReaxFF simulations 

preserve the phase segregated morphology of the hydrated membrane predicted by 

APPLE&P simulations. In addition, all polymer chains in ReaxFF and APPLE&P are 

aggregated locally and are separated by inter-connecting water channels. Our previous 

study has demonstrated the morphology of these AEMs is determined by the 

concentration of the amphiphilic polymer units. i.e., the hydrophilic and hydrophobic 

polymer segments are likely to self-assemble at low hydration level with water channels 

forming a bicontinuous network involving hydrophilic polymer segments.35 A more 
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detailed comparison between ReaxFF and APPLE&P structures indicate some 

discrepancies between these models predictions. For instance, the water domain slightly 

expands further after ReaxFF NPT/MD simulations in PPO-3C3 AEM. Such expansion 

probably arises from the different interaction between the water molecules and polymers 

in the APPLE&P and ReaxFF, which can be confirmed by the discrepancy observed in 

the radial distribution functions (RDFs) of N-O(H2O) as shown in Figure 3. For example, 

it is found the water molecule is closer to the cationic groups in ReaxFF than in 

APPLE&P, indicating the water-polymer has stronger attracting interaction within a short 

distance in ReaxFF. As a result, the water domain is expanded during ReaxFF 

simulations. Additionally, large fluctuations of cell volume at the initial simulation stage 

(see Figure S1) of the mapping and the thermal fluctuations of membrane with time 

evolution also might be the reason causing some changes in the morphology of water 

domains. In order to validate the mapping between two force-fields further, we also 

compared a selected polymer chain backbone and showed its configuration in Figure S3. 

It is clear that the overall chain conformation is preserved although a small local 

fluctuation of polymer segments is observed. 

 

3.2 Structural Properties  
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Figure 3: The RDFs and coordination numbers of N-O(H2O)(left, a-d) and N-O*(OH-) 

(right e-h) for PPO-3C1, PPO-2C1-C6, PPO-2C1-EO and PPO-3C3 AEMs (from top to 

bottom) predicated with APPLE&P (red) and ReaxFF (blue), respectively.  

 

Page 12 of 30Journal of Materials Chemistry A



13 
 

   Due to the fact that the chain conformation is well preserved after mapping from 

APPLE&P to ReaxFF and the fact that water and OH- diffusion are primarily influenced 

by the quaternary ammonium cation hydration structure, we therefore mainly focused our 

structural analysis on the RDFs of N-O(H2O) and N-O*(OH-) (nitrogen-oxygen of water 

and nitrogen-oxygen of hydroxide ion pairs, respectively). Figure 3 shows the RDFs of 

PPO-3C1, PPO-2C1-C6 and PPO-2C1-EO. It is clear that the RDF curves of N-O(H2O) 

are similar to each other when simulated using the same force field, but the first RDF 

peak is much weaker in PPO-3C3 compared to other systems. This indicates that the three 

hydrophobic propyl groups reduce water accessibility to cationic groups in PPO-3C3. As a 

result, it shows a weak correlation between cation and water molecules. In addition, the 

RDFs of N-O*(OH-) are also displayed in Figure 3. Again, the correlation in PPO-3C3 is 

much weaker than in other systems because the larger alkyl groups push the OH- anion 

further away from the cation center. Comparing the APPLE&P and ReaxFF results, we 

find the position of the first peak predicted by ReaxFF shifts to shorter distance by about 

0.5 Å and the peak splits into two for the N-O (H2O) RDFs in PPO-3C1, PPO-2C1-C6 

and PPO-2C1-EO. One strong intensity peak is located at about 3.8 Å and a shoulder at 

around 4.8 Å. The first peaks of N-O*(OH-) RDFs predicted by ReaxFF are weaker than 

by the APPLE&P simulations, indicating weaker correlations for all membranes and more 

opportunity to find the OH- away from cationic nitrogen. We expect that the RDF 

discrepancy of N-O(H2O) and N-O*(OH-) predicted by two force field models comes from 

their different treatment of the electrostatic interactions and atom charge calculation 

methods. ReaxFF employs the geometry dependent Electron Equilibration Method (EEM), 

in which the charge is more delocalized for cation and OH- compared to that in APPLE&P, 
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where the charge is geometry independent but the local polarization effects are included 

through point induced dipoles. In order to better understand this, we took a relative small 

system as an example (40 OH-, 400H2O and 40 trimethylamines attached to p-phenylene 

oxide dimer (TPO)) and run the simulation using constrained ReaxFF simulations, where 

we fixed the charge of cationic group to 1.0e and aromatic part to 0.0e for each organic 

molecule, while the total negative charge of -40.0e was assigned to all water molecules and 

OH- anions (assignment of the negative charge to each bare OH- is unfeasible due to the 

proton hopping between OH- and water molecules). The RDFs predicted with APPLE&P, 

standard ReaxFF, and charge constrained ReaxFF simulations are shown in Figure S5. As 

expected, all RDFs predicted by constrained ReaxFF show strong correlations at short 

distances compared to the standard ReaxFF simulation and move towards the APPLE&P 

result. Therefore, the difference in RDFs seen in Figure 3 indeed stems from the difference 

in electrostatic interactions. Most importantly, although the RDFs show some deviations, 

the morphology of the hydrated membranes are very similar to each other and the two 

MD methods predict the same water channel size distribution as discussed below. In 

addition, from Figure 3, we find APPLE&P and ReaxFF predict the similar coordination 

numbers (CNs), indicating the probabilities of OH-anion approaching the cationic group 

of polymers are same, which is related to the chemical degradation selectivity for 

different membranes. 
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Figure 4: Water channel size distributions in PPO-3C1(a), PPO-2C1-C6(b), 

PPO-2C1-EO(c), and PPO-3C3(d) AEMs predicted with ReaxFF (blue) and APPLE&P 

(red), respectively.  

    To further compare the morphology of membrane predicted by two methods, in Figure 

4 we show distribution of water channels size. The method to calculate the distribution of 

water channel sizes follows the method widely used in the analysis of 

‘pore-size-distribution’,41 and was modified accordingly for the analysis of PPO-based 

membranes.30 Details of this analysis are described in the Supporting Information. Figure 4 

illustrates that the change in morphology caused by the configurations mapping from the 

APPLE&P to ReaxFF is minimal, which reflects the difference in dynamics, without 

concerning about discrepancies in the structure of water channels.  

From the comparison of density, morphology of polymer, RDF and water channel size 

distribution predicted by APPLE&P and ReaxFF simulations, we expect the direct 

mapping of AEM morphologies between two models to be effective and reliable. 
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Therefore, combining the reactive and nonreactive polarizable MD simulations is an 

efficient approach that allows us to appropriately investigate the Grotthuss mechanisms 

and the chemical properties of AEMs as discussed in the next sections.  

3.3 Transport Properties 

The water and OH- diffusion is one of the most critical factors to assess the AEMs 

performance. Therefore, we calculated the diffusion coefficients of water and OH- in four 

AEMs and listed the results in Table 2. Comparing the water diffusion constants 

predicted by APPLE&P and ReaxFF, we find the water diffusion simulated with ReaxFF 

is about five times larger than that calculated by APPLE&P, indicating the water becomes 

‘glassy’ in non-reactive simulations. There are possible two reasons explaining the 

observed difference. One might be the difference in short-range interactions between 

water molecules and functionalized cation group. From the comparison of RDFs between 

APPLE&P and ReaxFF in Figure 3, it was observed that simulations with APPLE&P 

predict stronger water-cation correlations, potentially leading to the slower dynamics of 

water molecules. Another reason is the absence of the Grotthuss proton hopping in 

APPLE&P simulations. As shown in Table S2, the hydrogen bond (HB) lifetime of 

OH--water is about factor of six longer than that in water-water. Therefore, in the case of 

high OH-concentration as in present systems, where more than 40% water molecules 

bonding to OH- anions to form OH-(H2O)n clusters due to the hyper-coordinated of OH- ( > 

4 ), 42 the slow dynamics of OH-(H2O)n will further lead to the slow diffusion of water 

overall. In contrast, the water dynamics becomes much faster in ReaxFF, because the 

hydrogen bond network is involved in rapid reorganization in ReaxFF due to the 

Grotthuss proton hopping. The high frequency disruption of the hydrogen bond network 
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leads to fast water diffusion and makes it much closer to the experiment measurement. 

For example, the water diffusion constant in copolymer [poly(2,6 dimethyl 1,4 phenylene 

oxide)-b-poly(vinyl benzyl trimethyl ammonium)] AEM can reach up to 0.07 Å2/ps,31 

which is even higher than the present ReaxFF prediction. In addition, to understand the 

OH-anion effect on the water diffusion constant in ReaxFF, we compared the water 

diffusion constants in the PPO-3C3 AEM and that in the absence of OH-anion. It is 

interesting to find that water diffuses much faster (about twice as fast) in the AEM 

without OH-, also indicating the stable HB in OH-water makes the water glassy to some 

extent in ReaxFF. From the above comparison, we conclude that both HB in OH-water 

and Grotthuss proton hopping can affect the water self-diffusion and the two factors show 

opposite contributions to the dynamics. Namely, the strong hydrogen bonding interaction 

between OH-anion and water molecules (APPLE&P, as well as ReaxFF) leads to the slow 

water dynamics, while the Grotthuss proton hopping in ReaxFF, which breaks the 

hydrogen bond network because of proton hopping, favors water diffusion. It should be 

mentioned that such competitive effects on the water dynamics may be prominent barely 

at the high alkaline concentration (i.e. low water uptake in AEMs). 

In order to understand the importance of the Grotthuss proton hopping to the 

OH-anion diffusion, we calculated the DOH-/DH2O ratio and listed it in Table 2. We find 

the ratio is around 0.2 in APPLE&P, while there is opposite trend with the ratio up to 5.0 

in ReaxFF. This indicates that Grotthuss hopping mechanism significantly enhances the 

dynamics of OH- comparing to water. The lower ratio in APPLE&P is expected to arise 

from the synergistic diffusion of OH-anion and water molecules, leading to retarded 

diffusion of OH- in sub-nanometer wide water channels, especially at the bottlenecks of 
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these water channels, where the OH- has to lose its coordinating water molecules. In 

contrast, during the ReaxFF simulations, which includes the proton hopping, no 

significant loss of coordinating water was observed.30 The smooth transition of OH- 

through bottlenecks of water channels can be achieved by a series of proton hopping from 

water molecules to hydroxide anion. As a result, the DOH-/DH2O ratio is obviously higher 

than that in non-reactive simulations, qualitatively consistent with experimental 

observations. As demonstrated in our previous work, the OH- diffusivity significantly 

slows down when proton hopping in ReaxFF is “switched off”.30 In addition, considering 

the fact that the DOH-/DH2O ratio in AEMs is much larger than that in pure bulk water,42 it 

demonstrates that compared to bulk water case, the OH- in AEMs becomes less-hydrated 

structure, resulting in larger proton hopping probability. Such findings are very helpful to 

design different cation structures with the improved chemical stability while 

simultaneously keeping the high conductivity.   

Table 2. Comparison of diffusion constant (Å2/ps) of water molecule and hydroxide ion at 

the room temperature, as well as OH- and water ratios. 

 PPO-3C1 PPO-2C1-C6 PPO-2C1-EO PPO-3C3 

DH2O 

APPLE&P 0.00580.0001 0.00830.0004 0.00640.0001 0.00630.0002 

ReaxFF 0.0400.0008 0.0410.0008 0.0370.0010 0.0330.0009 

DOH- 

APPLE&P 
0.0012 

6.5× 10−5 

0.0020 

5.4× 10−5 

0.0014 

4.0× 10−5 

0.0010 

1.3× 10−4 

ReaxFF 0.1920.007 0.2360.008 0.1860.008 0.1820.010 

DOH-/

DH2O 

APPLE&P 0.21 0.24 0.22 0.16 

ReaxFF 4.57 5.90 4.90 4.91 
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  Since the Grotthuss mechanism plays a very important role in the OH- diffusion, as 

well as the water self-diffusion, we study the relationship between diffusion constant and 

polymer structure, mainly focused on the analysis from the ReaxFF results. It can be seen 

from Table 2 that DOH
- shows stronger dependence on the polymer structure than the 

DH2O. For example, the diffusion constants of OH- are 0.236 Å2/ps in PPO-2C1-C6, 

which is about 30% faster than that in PPO-3C3, while we see only an increase of 20% 

for the water diffusion. Considering the large contribution from Grotthuss mechanism, 

the hopping rate of OH- per unit time has thus been calculated and shown in Table S1. 

We found roughly identical hopping rates in all AEMs. One expects that the morphology 

of polymer membrane might play a role in determining the “efficiency” of Grotthuss 

hopping. In addition, our recent non-reactive simulations have demonstrated the OH- and 

water diffusion can be enhanced in the AEMs with co-existence of phase segregation and 

well-defined water channels compared to that in the AEMs with enhanced phase 

segregation and disconnection between neighboring water-rich domains (also see 

Supporting Information).35 Similar findings are observed in our ReaxFF simulations. For 

example, the OH- and water diffusion constants in PPO-2C1-C6 are larger than that in 

PPO-3C3, even though the morphology dependence becomes weaker in ReaxFF 

compared to the APPLE&P simulations. Furthermore, from the comparison of diffusion 

constants of PPO-2C1-C6 and PPO-2C1-EO, which have the same size of cation groups, 

it is interesting to find that both water and OH- diffuse slower in PPO-2C1-EO than in 

PPO-2C1-C6. This indicates that the ether group, which is hydrophilic, might damage the 

well-defined water channel environment, appearing in PPO-2C1-C6. Knowing the OH- 

diffusion constant, the ionic conductivity can be estimated using Nernst-Einstein 
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equation.43, 44 As shown in Table S3, it is clear that the ionic conductivity has the same 

trend as the diffusion constants for all four AEMs and the ReaxFF predicted ionic 

conductivity can be comparable with experimental measurement for other AEMs,31, 45 

while APPLE&P significantly underestimates it. Conclusively, although different 

mechanism has been observed in APPLE&P and ReaxFF, the trend of polymer 

morphology in determining transport efficiency of OH-, either translational motion in 

APPLE&P or effective Grotthuss hopping in ReaxFF, is universal. Our results indicate 

that enhanced nano-phase segregation with well-defined water channels should be the 

key target in the design of membranes with high OH- transport efficiency.  

3.4 Degradation selectivity of AEMs 

Chemical stability of AEMs limits the performance and lifetime of the AEMs. 

Understanding of degradation mechanism and degradation rate is thus critical to AEM 

design. In this work, we employed ReaxFF to explore the chemical stability of AEMs. 

Figure 5 shows four main possible pathways of degradation for PPO-2C1-C6 AEM in 

literature, namely methyl group losing (reaction 1), Hofmann elimination (reaction 2), 

entire cationic group losing (reaction 3), and backbone cleavage (reaction 4).5, 46, 47 

However, with the present ReaxFF simulation time scale and alkaline condition, only 

reactions 1 and 2 were observed. The reason might be that the reaction sites in pathways 

3 and 4 are more hydrophobic and the OH-(H2O)n cluster is more likely to attack the 

hydrophilic reaction sites such as pathways 1 and 2. Consequently, the degradation paths 

involving the loss of whole cationic group and cleavage of backbone cannot be 

straightforwardly sampled with ReaxFF simulation at current simulation time scale.11 

Comparing reaction pathway 1 with 2, we observed the reaction of methyl group losing is 
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the main degradation pathway via multi-OH anion attack.37 In detail, an OH- approaches 

the cation and first abstracts hydrogen from -CH3 group. As a result, the generated water 

molecule moves away and allows the second OH- to attach the under-coordinated -CH2 

group and release its hydrogen towards the third OH- molecule. Eventually, the bond 

breakage between nitrogen and carbon is observed due to the over-coordination of carbon 

and generate CH2O formation. Such multi-OH anion attack reaction pathway seems to be 

more energetically favorable in aqueous solution than the SN2 pathway,37 the latter is 

proposed on the basis of the DFT calculations for very small systems with only one 

OH-anion attack.7 Both reaction pathways lead to the similar chemistry. Pathway 2 is 

related to the Hofmann elimination, which is one of degradation pathways in the long 

alkyl side chain membranes observed in experiment.5 According to our most recent study 

of chemical degradation pathways of tetramethylammonium,37 we are aware that the 

reaction barriers predicted by ReaxFF are lower than DFT data, indicating that ReaxFF 

accelerates the chemical degradation rate. If ReaxFF reproduce the DFT-barriers, no 

chemical reaction can possibly happen within the regular MD accessible timescales 

(nanoseconds) as the reported degradation lifetime is from minutes to hundreds of hours 

in experiment. Generally, biased sampling methods, such as umbrella sampling, 

meta-dynamics, and bond-boost method, etc., are utilized to accelerate the reaction rates. 

The present ReaxFF is an alternative way to accelerate the chemistry events without 

switching the reaction rate order of different functional groups; we here seek to 

demonstrate that ReaxFF is reliable to study the chemical degradation selectivity for 

different membranes, which is very helpful in the design of high performance AEMs in 

experiment. 
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Figure 5: Four proposed chemical degradation pathways in PPO-2C1-C6 AEM. 

Reactions 1 and 2 correspond to methyl group losing and Hofmann elimination pathway 

degradations, respectively, both pathways were observed in ReaxFF simulations. 

Reactions 3 and 4 involve loss of the entire cationic group and backbone degradation and 

were not observed by ReaxFF. 

   In order to compare chemical degradation selectivity for the model membranes, 

Figure 6 illustrates residual number of cationic groups as a function of simulation time 

from the analysis of AEM chemical stability at 500 K. The higher temperature for these 

simulations was chosen to accelerate the degradation process. In this work, we averaged 
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three independent trajectories for each system to get reliable statistics. From Figure 6, it 

is clear that the PPO-3C3 shows the most chemically stable behavior. To quantify the 

stability for all systems, the residual number was fitted with two-parameter 

mono-exponential equation, which is given as N(t)=N0*exp[-(t-t1)/t2],
11 where N0 is 

initial number of cationic groups (here, N0=80), t is simulation time, t1 and t2 are initial 

decay time and exponential time constants, respectively. The lifetime can be estimated 

simply as t1+t2. The fitting curves are also displayed in Figure 6. Base on the fitting 

results, the lifetimes for PPO-3C1, PPO-2C1-EO, PPO-2C1-C6 and PPO-3C3 are 381.1, 

539.3, 499.2 and 3546.2 ps, respectively. We should mention that the initial stage of the 

curve was used in our fitting, because the membrane degradation becomes much slower 

when the hydroxide ion concentration decreases during simulation due to its consumption. 

Our results demonstrate that PPO-3C1 is the least stable AEM while PPO-3C3 shows the 

best chemical stability, indicating that the larger size of alkyl side chain may block the 

OH- approaching to the cation center.10, 11 For the PPO-2C1-C6 and PPO-2C1-EO, 

although the long side chain can also stabilize the cation group in alkaline environment, it 

is not effective as the total substitution with long alkyl groups, such as PPO-3C3. In 

addition, The OH-anion residual number as a function of simulation time is also studied 

(shown in Figure S6) and we find the same membrane selectivity trends as that predicted 

from the view of cationic group number. It should be mentioned that although the 

simulated chemical degradation rate is much faster than the experiment result, due to 

employing accelerated ReaxFF simulations as discussed above, the ReaxFF predicts the 

reliable membrane degradation selectivity trends, as well as hydroxide dynamics. This 

can be proved from the comparison of the probability of OH-anion approaching the 
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cationic reaction center, showing the OH-anion in PPO-3C3 has a lower probability to 

react with cationic group compared to other membranes (see Figure S7). Moreover, our 

finding aligns well with experimental observations on similar membranes, which is also 

concluded that the membrane with large n-alkyl group has an increased stability.5, 10 

Furthermore, the focus of investigating degradation mechanism of PPO-based AEM is on 

the relative stability of different modifications patterns. From our study, we show a 

consistent trend in the stability of functional groups, which follows the order PPO-3C3 > 

PPO-2C1-C6 ≈ PPO-2C1-EO > PPO-3C1. It should be mentioned that the overall 

hydroxide ions concentration can also influence the stability of the AEMs, but this 

influence should minor in the comparison of present systems because all AEMs have 

similar volumes due to utilization of the PPO-based backbone, degree of 

functionalization, and hydration level. 

 

Figure 6: Time dependence of cationic group residual number in PPO-3C1, PPO-2C1-C6, 

PPO-2C1-EO and PPO-3C3 AEMs, as well as the two-parameter fitting curves. 
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   From the study of conductivity and chemical stability selectivity of four AEM 

systems, we conclude that the PPO-3C3 with intermediate hydration level (i.e. around 

λ=10) might be the best candidate in the design of high performance AEMs, in which it 

shows a much better chemical stability, although it does reduce the OH- diffusion constant 

but the influence is not too much, as shown in the ReaxFF prediction. We should mention 

that on one hand it is known that increasing the water content is an alternative way to 

improve the conductivity and membrane chemical stability,11 as also shown in Figure S8 

for PPO-3C1. However, it is likely to lead to significant membrane swelling, which 

reduces the mechanical performance of AEMs as mentioned previously. On the other hand, 

lower water content often induces much poorer stability, as shown in Figure S8 and S9 for 

PPO-3C1 and PPO-3C3, respectively. 

4 Conclusions 

    In this work, we combined APPLE&P and ReaxFF molecular dynamics simulations to 

study the proton transport and chemical stability of four anion exchange membranes 

(AEMs), namely PPO-3C1, PPO-2C1-C6, PPO-2C1-EO and PPO-3C3, which have the 

same backbones but different functionalized side chains. From the comparison of density, 

configuration of membrane, RDFs, as well as the morphology of water channel predicted 

with two force field calculations, we validated that the mapping between APPLE&P and 

ReaxFF structures is reliable. By studying the transport properties of AEMs we 

demonstrate the dominate contribution from Grotthuss hopping in the OH- overall 

diffusion, as well as its influence for water self-diffusion. The slow dynamics of water and 

OH- in APPLE&P arises from the stable OH-H2O cluster and the necessity for OH- to lose 

its coordinating water molecules in order to diffuse through the bottlenecks in the water 
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channels, therefore creating a large kinetic barrier. However, accounting for the proton 

hopping in ReaxFF, the hydroxide diffuses much easier, without losing its hydration 

structure. As a result, the diffusion constants of OH- are increased 100 times compared to 

APPLE&P prediction. Meanwhile, the diffusion of water is also enhanced about five 

times. We demonstrate that both hydrogen bonding between OH-anion and water and 

Grotthuss proton hopping can affect the water self-diffusion, and the presence of 

OH-anion leads to the slow water dynamics at high OH-concentration. From the 

comparison of OH- diffusion in four AEMs predicted with APPLE&P and ReaxFF, we 

conclude that the Grotthuss mechanism makes the proton transport less depend on the 

morphology through water channels (at least for λ=10). In addition, the AEMs with 

well-defined water channel and enhanced nano-phase segregation show a relatively high 

OH- transport efficiency, such as that in PPO-2C1-C6. 

   From the chemical degradation selectivity study of AEMs, we found that a large 

hydrophobic group attached to the quaternary ammonium cation group is very effective 

in the improvement of chemical stability of membrane, although it reduces the OH- 

diffusion constant to a minor extent. For example, the lifetime of PPO-3C3 is ten times 

longer than that of PPO-3C1, and the OH- diffusion in PPO-3C3 reduces less than 30% 

compared to other membranes. On the basis of our simulation results, we propose the 

PPO-3C3 with intermediate hydration level might be a good candidate for the design of 

high performance AEMs. Besides, the asymmetrical modification pattern (PPO-2C1-C6) 

is also a promising way to obtain membranes with improved conductivity with acceptable 

sacrifice of chemical stability. This study provides a guideline on how to improve the 

chemical stability of membrane in pursuit of conductivity of the AEM fuel cells. 
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With the strategy for combining the APPLE&P and ReaxFF simulations, the structural 

properties can be properly studied at the large length and time scales with APPLE&P 

simulations, while the charge transport and chemical stability selectivity of AEMs can be 

successfully predicted at a relatively short time-scale with ReaxFF simulations sampling 

more realistic electrochemical processes at the nanoscale. Furthermore, the degradation 

effect on the phase segregation of membranes can be studied by switching the ReaxFF 

back to APPLE&P simulations. It is intended for future works and we expect this 

back-and-forth strategy is a promising approach for the study of realistic materials at 

larger simulation scales.  
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