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ABSTRACT: Anion exchange membranes offer a promising alternative to the
more expensive proton exchange membrane fuel cells; however, hydroxide ion
conductivity in anion exchange membranes is poorly understood. In this paper,
we use classical molecular dynamics simulations to study the structure and ion
transport properties of four different polyethylene-based membranes prepared
from ethylene-co-vinyl-acetate (EVA). We examine the microstructure of the
membranes and find that polymers with a narrow cavity size distribution have
tighter packing of water molecules around hydroxide ions, compared to
membranes with a broad cavity distribution. We calculate the structure factor
of the hydrated membranes and find a peak between 1 and 4 nm™,
characteristic of ionic clusters in these materials. We estimate the self-diffusion
coefficient of water and hydroxide ions and find that water molecules have a
higher diffusion than hydroxide ions across all systems. The trends in
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hydroxide diffusion align well with experimental conductivity measurements. For systems with broad cavities, water facilitates
hydroxide diffusion through vehicular transport, and in systems with narrow cavities, both ion hopping and vehicular transport are
observed; this is quantified by calculating ion—ion and ion—solvent correlations through the Onsager transport coefficient

framework.
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B INTRODUCTION

Polymer anion exchange membranes (AEMs) which contain a
positively charged functional group and facilitate the transport
of hydroxide anions are widely studied, as they are used in
alkaline fuel cells. AEMs offer a less expensive alternative to
proton exchange membranes (PEMs) such as Nafion which
have been extensively used due to their stability, processability,
and high conductivity." While PEM fuel cells exhibit excellent
performance, their reliance on costly catalysts, notably
platinum, has posed economic challenges.2 In contrast, alkaline
fuel cells have faster reaction kinetics, which facilitate the
utilization of less expensive catalysts.’” This has sparked
considerable interest in both academic and industrial sectors
toward identifying optimal AEMs to be used in alkaline fuel
cells.

While AEMs demonstrate remarkable energy conversion
efficiency, the quest for an AEM material with superior ion
conductivity, robust mechanical properties, and high chemical
stability is ongoing.” The diffusion of hydroxide ions (OH™) in
AEMs is four times slower compared to the diffusion of
protons (H*) in PEMs. To achieve conductivity comparable to
PEMs, a higher ion exchange capacity (IEC) is required.’
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However, a high IEC usually leads to considerable swelling of
the membrane, which compromises the mechanical robustness
of the membrane module.” Furthermore, quaternary ammo-
nium functional groups, which constitute the polymer cations
in many AEMs, undergo nucleophilic attack by hydroxide ions
leading to membrane degradation.” Several studies have
focused on modifying the side chain of the quaternary
ammonium functional group to improve both conductivity
and chemical and mechanical stability.*~"°

To enhance conductivity without compromising mechanical
and chemical stability, we need a clear understanding of
hydroxide ion transport through the polymer matrix. Key
contributors to ion transport include morphology of polymer
membranes and water uptake. These factors also control the
mechanical integrity of the membrane, making it imperative to
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study the morphology (or microstructure) of the polymer as a
function of water uptake to improve emergent properties, such
as ion transport and membrane strength. When hydrated,
cavities in the polymer matrix undergo swelling resulting in the
creation of continuous water channels that facilitate both
vehicular and Grotthuss (proton hopping) diffusion of
hydroxide ions."" At low hydration levels, hydroxide ions
neutralize the cationic sites, degrading the membrane.'?
Therefore, moderate to high hydration levels are maintained
in AEMs, and ion transport is mediated primarily by water.'
Even then, OH™ dynamics are challenging to characterize as
the motion of the hydroxide ions is coupled with the polymer
backbone, water molecules, as well as other OH™ ions. A
recent study used quasi-elastic neutron scattering (QENS) to
decouple water and polymer relaxation dynamics from the
diffusional dynamics of hydroxide ions."* The authors suggest
that the diminished efficiency of anion transport at lower
hydration levels arises from the lack of coupling with water
diffusional dynamics. Water molecules are needed to facilitate
OH™ transport, and a molecular-level understanding of the
OH™ and water transport mechanisms within AEM:s is critical
for optimizing their performance and efficiency.

Molecular dynamics (MD) simulations can provide
important insights into the molecular level interactions and
the transport mechanism of hydroxide ions in AEMs. By
employing detailed ab initio calculations, Zelovich et al
demonstrated that OH™ ions attract a cluster of water
molecules, with the number of molecules in each cluster
ranging from one to five, depending on the hydration level.'®
The first solvation shell forms at a distance of 3.7 A from the
OH™ ion, encompassing 1—3 water molecules depending on
the hydration number. In bulk solution, the first hydration shell
around OH™ comprises four water molecules.'®”'® ReaxFF
molecular dynamics simulations used radial distribution
function to show that the first hydration shell contains 3.5
and 4.2 water molecules in low and high hydration levels,
respectively.'” The contribution of vehicular and Grotthuss
diffusion is dependent on the hydration number (1); at A = 4
or lower, water mediated OH™ hopping (Grotthuss) is the
dominant mechanism.">"> A study by Chen et al. also showed
that a combination of both vehicular and Grotthuss diffusion
contributes to the overall transport, but they emphasized that
vehicular diffusion is significantly more dominant at hydration
levels of 2 > 14.°° Zhang and van Duin investigated three
functionalized poly(phenylene oxide) polymers using both
classical and reactive force fields. The study examined the
effect of water content and showed that OH™ diffusion
increases with the increase in the hydration level. They also
found that increasing the alkyl chain length on the cationic side
of quaternary ammonium protects N* from nucleophilic
attack.'” Another study delved into the OH~ transport
mechanism using a polarizable force field and highlighted the
effect of bottlenecks formed in the polymer matrix.” The study
shows that the formation of narrow regions (bottlenecks)
influences the water channels and has an adverse effect on ion
transport. Transport through these narrow bottlenecks via
vehicular diffusion is thermodynamically unfavorable as it
requires the hydroxide ion to partially dehydrate first leading to
a significantly higher contribution from Grotthuss transport.
Limiting the number of bottlenecks and achieving a desirable
water channel morphology can lower the energy barrier for
hydroxide transport through vehicular diffusion.” Other studies
using both classical and reactive force fields have shown that

the Grotthuss diffusion dominates in confined environments
and have highlighted the importance of Grotthuss hopping
when dealing with subnanometer wide water channels.”"**

In this study, we focus on how polymer morphology affects
OH™ transport and mechanical properties, in polyethylene
based AEMs by employing classical molecular dynamics (MD)
simulations. We systematically analyze four systems that have
been characterized experimentally and offer molecular insights
into experimentally observed trends by relating ion dynamics
to polymer morphology and chemistry. These systems have the
same backbone structure, which allows us to correlate
functional group chemistry to overall performance. We assess
vehicular transport and its relationship to polymer micro-
structure, to understand the underlying dynamics and
mechanisms involved. We calculate ion—ion correlations and
offer insights into how different side chain groups affect
hydroxide transport. Understanding how ions move in the
polymer matrix and how water channels and the structure of
the polymer influence ion transport is crucial for optimizing
AEM design and enhancing their properties. We expect that
these insights can guide the design of new AEMs with
enhanced OH™ dynamics and mechanical properties.

B MATERIALS AND METHODS

System Setup. Four AEM chemistries featuring similar backbone
chains are selected to investigate how side chain architecture impacts

the performance of AEMs (Figure 1). Specifically, the chosen
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Figure 1. Anion exchange membrane chemistries investigated in this
study. Four ammonium-functionalized polyethylene are divided
depending on the functional groups.

polymers are ammonium-functionalized polyethylene (PE-F) that
contain two different cationic functional groups, with different alkyl
chain branching, as detailed in the study by Wang et al.”®> For
simplicity, we will use the abbreviations PE-F, where F denotes a
specific functional group, to refer to these systems. These
abbreviations which we will use throughout the manuscript
correspond to the functionalized polymers depicted in Figure 1.

We vary the number of alkyl chains attached to the polymer
backbone (1 or 2), as well as the type of functional group at the end
of the alkyl chains. The alkyl chain length is constant, with 6 —CH,
groups. The backbone is 13% functionalized with either trimethy-
lammonium (TMA) or N-methylpiperidinium (NMP) groups. These
particular compositions are selected based on their superior
performance, as documented in the study by Wang et al.>* Systems
are referred to as PE-Al and PE-A2 if they are functionalized with 1
or 2 TMA groups, respectively, and PE-P1 and PE-P2, if they contain
1 or 2 NMP groups, respectively. The four chemistries are chosen for
their systematic changes in polymer architecture and total ion content.

Monomer units are constructed using Avogadro,”* followed by
geometry optimization using the semiempirical GFN2-xTB method.”
The assignment of the force field parameters is carried out using
Antechamber.”® Both atom types and force field parameters are
determined in accordance with the General Amber Force Field
(GAFF2).”” The AM1-BCC method is used to assign atomic partial
charges.”® Explicit water molecules are inserted, and their interactions
are represented using a flexible SPC/E water model.” Subsequently,
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Pysimm® is employed to generate various polymer chains using the
random walk simulated polymerization algorithm. Ions and water
molecules are incorporated into the system using Packmol.®>’ The
number of OH™ ions is varied to investigate different ion exchange
capacities, while adjustments are made to hydration levels to replicate
the reported experimental water uptake. In all systems, water plays a
crucial role in enhancing ion conductivity, necessitating an adequate
water uptake to establish interconnected hydrated domains that
facilitate ion diffusion.**™* In our simulations, we used the reported
water uptake values to calculate the hydration number as defined in eq
1. Here, the hydration number (1) is determined using the theoretical
ion exchange capacity (IEC, mmol[OH]/g), the molecular weight of
water (M,,, g/mol), the experimental water uptake (WU% H,0O), and
a constant 10 for unit adjustment. Theoretical IEC is determined from
the elemental analysis of the dry AEM composition. Four
independent replica simulations with different starting configurations
(which includes independent monomer packing and polymerization)
are carried out for each of the four systems described above, for a total
of 16 systems. The system parameters are listed in Table S1.

_ WU% H,0 X 10
~ IEC x M, (1)

After the replicas are constructed, we employ a 21-step annealing
protocol® to achieve system equilibration, during which each replica
is allowed to relax to its equilibrium density. Then all replicas undergo
an additional 1 ns run in the NVT ensemble, at a temperature of 300
K. Following this, the replicas continue to run in the same ensemble
for 20 ns (hydroxide ions and water molecules attain diffusive
behavior over this period), during which data are collected. Data
shown are the average over the four replicas for each system. All
simulations in this work are run using Large Scale Atomic Massively
Parallel Simulator (LAMMPS).*” Nosé—Hoover thermostat with a
damping factor of 100 ps is used in the equilibration and production
simulations, and Nosé—Hoover barostat is coupled to the thermostat
with a pressure damping parameter of 100 ps during the 21-step
annealing process. A velocity-verlet integrator with a 1 fs time step is
employed. Long ranged interactions are accounted for by employing a
particle—particle/particle-mesh (PPPM) algorithm with a 1.5 nm
cutoff.

Analysis. To assess water channels across the different hydrated
polymer samples, we examine the channel dimensions, or voids within
the polymer matrix. This entails removal of ions and water molecules
from different samples and characterizing unoccupied regions of the
polymer matrix (which would be occupied by ions and water in the
hydrated polymer). To accomplish this, we take a fully saturated
membrane at the end of the 20 ns run, remove all ions and water
molecules from this membrane, and quantify the voids which are left
behind in place of the water molecules and ions. Then, we apply Void
Analysis Codes and Unix Utilities for Molecular Modeling and
Simulations, or VACUUMMS.**** VACUUMMS is an open-source
software package that leverages the Cavity Energetic Sizing Algorithm
(CESA)," which is a Monte Carlo-based energetic technique
employed to characterize voids within a polymer matrix. In the
CESA method, cavities are defined as spherical volumes with energy
centers, which correspond to local minima in the repulsive energy
field of the particles. This approach allows for the determination of a
size distribution of voids, collectively constituting the hydration
channels within the material. We have used this method in the past to
quantify voids in gas separation membranes.*'

To evaluate the long-range order of the ions in the material, we
compute the ion—ion structure factor. Mathematically, it is defined as

N

Sxn-on(k) = . Z

i=1j

(e*ik(rrr,)>
1 2)

where k is the wave vector, N is the number of ions, r; is the position
vector of the ith atom, r; is the position vector of the jth atom. The
wave vector k is discretized based on the size of the simulation box.

We average this over the last frame of each of the four replicas.

z|
VP

To quantify the local packing of hydroxide ions near water
molecules and the polymer cation, we utilize the radial distribution
function (RDF), g,-/-(r), which is the normalized probability of an atom
of type i existing at a distance r from an atom of type j. Specifically, we
calculate gys_y(r), gos—o(r), go+_n(r), and gy_n(r), where H* and
O* are the hydroxide hydrogen and oxygen, and H and O are water
hydrogen and oxygen, respectively, and N is the nitrogen cation on
the polymer backbone. We use the radial pair distribution function
extension in VMD to compute gij(r), and we average over the 20 ns
runs of all replicas to compute each RDF.

To capture the dynamics of the hydroxide ions, water molecules,
and polymer chains, we compute the mean squared displacement
(MSD) for each species, given by

MSD(t) = <(x(t) — (0))*> 3)

Here, r,(0) refers to the trajectory after 1 ns, and we do not perform
any block averaging. Each MSD curve is averaged over four
independent replicas. For each component (polymer chains,
hydroxide ions, water), we compute MSD and plot it against time
in a logarithmic scale. Polymer MSD is averaged over all atoms of the
polymer. Once the MSD of OH™ and water attain diffusive behavior
in each system (characterized by long time MSD slope = 1), the
diffusion coefficient can be calculated using Einstein’s equation:

MSD(t) = 6Dt (4)

where D is the diffusion coefficient, and MSD is the value of the mean
squared displacement at a particular time t within the diffusive regime.
In the simulation times considered, both water and OH™ ions reach
the diffusive regime for most systems (long time MSD slope ~ 1),
allowing us to calculate their diffusion coefficient from eq 4. The
calculated slope in these systems ranges from 0.85 to 0.95 for the
hydroxide ions.

We employ the Onsager framework to characterize the dynamic
correlation that arises from ion—ion and ion—solvent interactions.
The Onsager coefficients” can be determined directly from
simulations using eq 5 below.

tm L 10 - @1 Y 10 - A0

L= i
6kBTV t— oo df a B

(5)
The transport coefficient LY calculates the degree of correlation
between the motion of species i and j. a, f are the specific ions of
species i or j. (t) is the position of anion « at time t. V is the volume
of the system, ky is the Boltzmann constant, and T is the temperature
in Kelvin. In our simulations, we use real units where 7% is in A, t is in
fs, T is in Kelvin, and k; = 1.380649 X 107*°J/K. L; is converted to
conductivity units (mS/cm) by multiplying by a conversion factor g, g
= 1.60217662 X 107"° e¢/Coulomb)*(10® A/cm) (10" fs/s)(10° mS/
S). LY values are calculated using a code adopted from Fong et al.*
and can be interpreted as a measure of correlation between species i
and j. When computing L to evaluate the ion—ion correlation of ions
of species i, the transport coefficient L? can be divided into two
components L% where we assess the autocorrelation function of
particle a, and L% .. where we examine the cross-correlation
between two separate particles a, f.

L'= Ls”e]f + L:itistinct (6)

Li is the Nernst—Einstein contribution arising from ideal,
uncorrelated ion motions. In addition to anion—anion correlation
and anion—cation correlation, we analyze the correlation between
anion and solvent (water) molecules. In total, we have four LY
coefficients to describe the impact of different correlations on
hydroxide transport.

B RESULTS AND DISCUSSION

Structural Analysis. The microstructure of the polymer,
which is directly responsible for the degree of water uptake,
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controls the ratio of vehicular vs hopping mechanism in a given
system. Thus, it is important to characterize the microstructure
of the polymer and map the hydration channels. We do this by
employing the cavity energetic sizing algorithm VACUUMMS,
as described in the Materials and Methods section, which gives
the void size distribution (VSD) for each system. We
characterize water channels qualitatively, through visual
representations in the form of snapshots of one-nanometer
cross-section of the four simulation boxes (Figure 2).
Snapshots each taken from one replica of the four
corresponding systems show larger more interconnected
water channels in PE-A2, followed by PE-Al, PE-P2, and
finally PE-P1.

- - N
o CJ o

Number of Voids/nm?*
o
o\

e
o

4 6 8 10 12
Void Diameter (A)

Figure 2. Top: Representative snapshots showing the water channels
in the four PE systems, as labeled. Water molecules are in blue,
hydroxide ions are in red, nitrogen atoms are in green, and the other
polymer groups are transparent and gray. Bottom: Void size
distribution showing the number of voids normalized by the box
volume as a function of cavity diameter, calculated using
VACUUMMS for the four PE polymers, as labeled.

We use the VSD analysis to quantify the size of water
channels as described in the Materials and Methods section.
VSD distributions of the four systems are also reported in
Figure 3. Overall, PE-Al and PE-A2 have large voids that are
>1 nm in diameter, and PE-P1 and PE-P2 have small voids that
are ~0.2 nm in diameter. PE-A2, with the double functional
TMA groups (Figure 1) has the largest voids and the broadest
void distribution. This is primarily due to steric effects, due to
the inability of the bulky TMA group to pack efficiently,
allowing greater uptake of water molecules, giving rise to large
water channels. On the other end of the spectrum, we have PE-
P1 with the smallest void size. Previous studies have shown
that polymers with cyclic groups pack compactly, due to pi-pi
stacking."* This could be why PE-P1 and PE-P2, with the
aromatic functional groups, are able to pack more efficiently,
resulting in fewer voids and water channels that are smaller in

3.0

2.5
2.0

S(k)

1.5
1.0

0.5

0.0 05 1.0 15 20 25
k [A™1]

Figure 3. Ion—ion structure factor of the four AEM systems (PE-Al,
PE-A2, PE-P1, PE-P2) as labeled.

size compared to PE-Al and PE-A2, which contain TMA
functional groups. Both PE-Al and PE-A2 have a large void
distribution and larger water channels compared to PE-P1 and
PE-P2 due to the bulky TMP functional group, leading to a
more porous microstructure. The snapshots of the water
channels are also in agreement with the void size distribution,
with PE-P1 having sparsely connected narrow channels, and
PE-A2 has dense water channels (Figure 2). From the
snapshots, we see that the water molecules surround the
cationic groups along the polymer backbone, and the OH™
ions are associated with the cations as well. Interestingly, the
VSD does not seem to be dependent on single vs double
chains, but on the functional group instead. TMP PE-A
polymers have broader channels, whereas NMP PE-P polymers
have narrower channels. We attribute this to the packing of
side chains; tightly packed side chains lead to a narrow channel
morphology in PE-P1 and PE-P2, and loosely packed chains
give rise to larger channels in PE-Al and PE-A2.

To better correlate polymer microstructure to the water
channel width, we compute the structure factor to quantify
membrane morphology, specifically, the long-ranged ordering
of ion groups. For all four systems, we find a characteristic peak
in the structure factor known as the ionomer peak, attributed
to the clustering of cationic moieties.*”** This suggests
microphase separation in the polymers that leads to the
formation of ion aggregates, which are responsible for the
transport of hydroxyl groups. The position of the ionomer peak
corresponds to the characteristic distances between ion
clusters, and a shift in peak distance toward lower k values
suggests an increase in average separation distance between the
clusters. From Figure 3, we see that PE-Al and PE-A2 have
peaks at lower k values, 0.22 A™' and 0.19 A, respectively,
compared to PE-P1 and PE-P2 with peaks at 0.29 A™" and 0.24
A7!) respectively. We compute the characteristic lengths
between ionic domains using d = 27/q, and we find that
these are 2.9, 3.3, 2.6, and 2.2 nm for PE-Al, PE-A2, PE-PI,
and PE-P2, respectively. This correlates with trends in void size
distribution and water channels from Figure 2, where PE-Al
and PE-A2 have larger domain spacing and cavity size, and PE-
P1 and PE-P2 with small domain spacing have smaller cavities.
This indicates that TMA headgroups in PE-A1l and PE-A2 lead
to ionic clusters that are more spaced out compared to the
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NMP headgroups in PE-P1 and PE-P2. The ionic domain sizes
in our systems agree well with study of Paren et al."’

Next, we calculate the local packing of hydroxide ions near
the polymer and water, as well as polymer—polymer packing by
computing the radial distribution function (RDF), as described
in the Materials and Methods section. Both the distribution of
OH™ ions within the polymer matrix and the spatial
arrangement of water molecules surrounding the OH™ ions
are critical parameters that significantly influence ion transport
and thus, conductivity in AEMs. In Figure 4a,b, the H*—H

do-olr)

/i

0.0 02 04 06 08 1. 00 02 04 06 08 1.0
Distance [nm] Distance [nm]

Figure 4. Comparison between the radial distribution functions
(RDFs) of PE-Al, PE-A2, PE-P1, PE-P2, as labeled. The RDFs shown
are for (a) O*—O (hydroxyl oxygen—water oxygen), (b) H*—H
(hydroxyl hydrogen—water hydrogen), (c¢) N—O* (polymer nitro-
gen—hydroxyl oxygen), and (d) N—N (polymer nitrogen—polymer
nitrogen).

(hydroxide hydrogen—water hydrogen) and the O*-O
(hydroxide oxygen—water oxygen) RDF show the arrangement
of water around hydroxide ions. We focus on the location
(distance) and intensity (magnitude) of the first peak. The first
peak in O*—0 and the first two peaks in H¥*—H correspond to
the first coordination shell, or the closest water molecules
around OH™. Across all systems, the first peak in O*—O has a
high intensity, indicating that the hydroxyl group forms a
strong hydrogen bond with the water oxygen, causing both
hydroxyl hydrogen and oxygen to pack closely to water
molecules. We find that the water—hydroxyl (go«_o(r) and
gu+_u(r)) and peaks are sharpest in the PE-P1 system (Figure
4a,b), suggesting that the water molecules in PE—P1 are closer
and more tightly ordered around the hydroxyl ions than the
other PE polymers. On the other hand, PE-A2 shows the
smallest gy«_1;(r) and go+_o(r) peaks. To quantify the packing
of hydroxyl ions around the polymer, we compute the RDF
between hydroxyl oxygen and the polymer nitrogen, and this is
shown in Figure 4c. The OH™ ions in PE-P1 are packed closer
to the cation on the polymer backbone, compared to the other
polymers (Figure 4c), and PE-A2 shows the lowest go«_n(r)
peak. As for the other two systems, (PE-P2 and PE-Al), their
water—hydroxyl and polymer—hydroxyl peak intensities are in
between the extremes of PE-P1 and PE-A2. These results

indicate that, in polymers with a narrow void size distribution
(Figure 2), the hydroxyl ions are packed close to both water
molecules and cationic groups along the polymer side chain.
We also find from gy_y(r) (Figure 4d) the polymer—polymer
RDF, that the polymer structures in PE-P1 and PE-A2 are
more densely packed, compared to PE-Al and PE-P2.

To capture the strength of electrostatic interactions between
hydroxide ions and cationic functional groups, we compute the
potential of mean force (PMF) from the polymer nitrogen—
hydroxyl oxygen (go:_n(r)) radial distribution function. The
PME profiles for the four distinct systems are depicted in
Figure S. The depth of the well correlates with the strength of

PMF (kJ/mol)
(=] N

U
N

00 05 1.0 15 2.0
Distance [nm]

Figure S. Potential of mean force (PMF) profile as a function of the
N-O distance where N is the cationic site, and the O* is the oxygen
in the hydroxide ion.

electrostatic interactions. Systems exhibiting reduced well
depth, like PE-A2, demonstrate weaker electrostatic inter-
actions between the ammonium and hydroxide anions,
resulting in a lower dissociation energy and faster OH~
dynamics. Conversely, systems with a deep PMF well, such
as PE-P1, experience stronger interactions and consequently
dissociate less readily, leading to slower OH™ dynamics. A
reduced well depth in the PMF implies that the cation and
anion interaction is weak. In such systems, we expect the
hydroxide ion to dissociate readily from the functional group,
leading to faster transport and conductivity. We find that both
the ion concentration and the nature of the functional groups
influence the polymer microstructure. When comparing
polymers with the same functional group chemistry but
different ion concentrations, such as PE-Al and PE-A2, we
observe larger water channels in PE-A2 as well as lower OH—
N interaction strength, primarily due to the increase in water
uptake. A similar trend is seen when comparing PE-P1 and PE-
P2. When examining the effect of the functional group
chemistry while keeping the ion concentration the same, we
notice that trimethylammonium-based systems (PE-Al and
PE-A2) allow for higher water uptake and lower OH™—N*
interaction strength, compared to methylpiperidinium. This
might be due to the compact packing of cyclic groups through
pi-pi stacking, resulting in a more efficiently packed system that
inhibits higher water uptake.

Details of the membrane microstructure and anion—cation
interaction strengths are summarized in Table S2 of the
Supporting Information.
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Figure 6. Mean squared displacement (MSD) curves for hydroxide ions, waters, and polymer for a) PE-Al, b) PE-A2, c) PE-P1, and d) PE-P2, as
labeled. Insets show log—linear MSD plots, and the dashed line indicates log—log slope of 1.

Transport. To explore the influence of functional group
and water channel structure on the transport and dynamics of
hydroxide ions, we compute the MSD as described in the
Materials and Methods section. To decouple the dynamics of
water, polymer and anions, we calculate the MSD of hydroxide
ions, water, and polymer separately, as shown in Figure 6. For
the four polymers, our analysis reveals that at long times water
has the highest mobility, followed by the hydroxide ions, and
finally the polymer. At short times, however, the hydroxide
ions have a higher mobility than water. At intermediate times,
the hydroxide ions exhibit a plateau due to electrostatic
interactions with the polymer cations, which arrests their
motion. At long times, the hydroxide ions move in unison with
water molecules. In this long time regime, vehicular transport
of the hydroxide ions facilitated by water molecules dominates.
This aligns with prior research, where it has been shown that
the diffusion coefficient of hydroxide ions is significantly lower
than that of water molecules at high hydration levels.*® The
motion of the polymer chains in the time scale considered has
little to no influence on hydroxide ion transport.

Overall, we see that PE-P1 (Figure 6c) and PE-P2 (Figure
6d), with single and double N-methylpiperidinium (NMP)
groups, respectively, have low hydroxide MSDs compared to
PE-Al (Figure 6a) and PE-A2 (Figure 6b), which contain
trimethylammonium groups. The hydroxide ions in the PE-P1
system have not reached the diffusive regime (Figure 6¢c). We
also see that in PE-P1 and PE-P2, the intermediate plateau in
the hydroxide MSD is more persistent compared to the plateau

11275

in the PE-Al and PE-A2 systems, signifying that the OH™—N*
interactions are stronger in the former, compared to the latter.
This is because the hydroxide ions cannot associate closely
with the bulky trimethylammonium groups compared to the
N-methylpiperidinium groups. This is also apparent in the
potential of mean force (PMF) curves (Figure S), with PE-P1
having the lowest minima, signifying a tight association of OH™
with NMP groups. Additionally, it can also be seen that water
mobility is higher in the PE-A polymers, compared to the PE-P
polymers. It is interesting to note that the PE-P1, with the
smallest void size distribution and strongest g(r) peaks shows
the lowest hydroxide mobility, and PE-A2 with the broadest
void size distribution and the smallest g(r) peaks shows the
highest hydroxide mobility. This proves that small voids lead to
tighter associations between the hydroxide ions and polymer
cations, as well as restricted water motion, which contribute to
an overall decrease in hydroxide dynamics.

To quantify the mobility of water molecules and hydroxide
ions, we calculate the diffusion coeficient as described in the
Materials and Methods section. As expected, water has a higher
diffusion coefficient than hydroxide ions in each system. We
see a strong correlation between polymer microstructure and
hydroxide dynamics, where a more porous microstructure
facilitates faster hydroxide transport. We also find that local
packing of waters and cations around hydroxide ions is
correlated to hydroxide dynamics, as this indicates how
effectively the hydroxide ions can dissociate. This underscores
the significance of water in facilitating hydroxide transport, as
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elucidated in previous sections. For the systems considered,
the measured experimental hydroxide conductivity values for
PE polymers are 54, 73, 26, and 59 mS/cm for PE-Al, PE-A2,
PE-P1, and PE-P2, respectively. We use the Nernst—Einstein
approximation to estimate the experimental self-diffusion
coeflicient from conductivity values and compare it with our
simulations. The equation is given by

2
€ 25 25

ONE VT (NziD. + N_zD_) @
where e is the elementary charge, V is the volume of the
system, kg is the Boltzmann constant, T is the temperature, N
is the number of ions, z is the charge of the ion, D is the self-
diftusion of free ions. The corresponding experimental values
of diffusivity are 1.0 X 107%, 1.1 X 107%, 0.38 X 107, and 0.8 X
10~ m*/s for PE-Al, PE-A2, PE-P1, and PE-P2. As seen in
Figure 7, our simulation results for diffusivity mirror the
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Figure 7. (Top) Self-diffusion coefficient of hydroxide and water
calculated from the mean squared diffusion data for the four systems
averaged over four replicas. Error bars show one standard deviation.
(Bottom) Comparison of the hydroxide self-diffusion coefficient
between simulations (estimated from MSD data) and experiments
(estimated using conductivity values).

experimental trends across the four experimental systems.
However, there is an order of magnitude difference in the
experimental and simulation values, which has been observed
in previous studies as well.*” For the systems considered here,
the origin of the discrepancy is 2-fold. First is our use of the
Nernst—Einstein equation, which does not account for ion
correlations in conductivity. The second is that our force field
does not capture Grotthuss diffusion, which is beyond the
scope of our study. However, by comparing the relative
deviations in diffusivities, we can comment on which systems
would have higher contributions from Grotthuss mechanism.
For PE-Al and PE-A2, the self-diffusion coefficients exhibit
deviations of 90% and 88% respectively from experimental
values, while for PE-P1 and PE-P2, the deviations are 99% and
98% respectively. Thus, if we assume that all four systems have
an equal systematic deviation from experimental values, it is
reasonable to conclude that PE-P1 and PE-P2 have greater

contributions from Grotthuss transport, compared to PE-Al
and PE-A2. We note that prior studies using reactive
simulations have reported that vehicular diffusion contributes
to less than 3% of the total hydroxide diffusivity in systems
with narrow percolating water channels.”" This is in line with
our results as well; we find that PE-P1 and PE-P2 with narrow
void distribution have greater contribution from Grotthuss
transport. We note that our systems are run at equilibrium,
whereas in the study of Wang et al,”® a direct current that
splits water molecules to produce OH™ ions is used, and anion
conductivity is measured in the presence of an electric field.

Hydroxide transport in AEMs is often regarded as the
uncorrelated movement of ions, where ions are not influenced
by other ionic and polar species within the system. The
conductivity is derived from the diffusion coefficient under
conditions of dilute solutions, where ions are assumed to have
no interactions with each other or with counterions and
solvent molecules, using the Nernst—Einstein approximation
described above (eq 7). Despite its widespread adoption, this
approximation overlooks the impact of ion correlation on
conductivity values.””" Correlated (concerted) ion motion
has a significant effect on ion transport; phenomena such as
ion pairing and counterion condensation are important
especially at high IEC and low water uptake. However, we
do not expect these phenomena to dominate at the water
uptake and ion concentrations we consider in this study. To
capture correlations in ion motion, we calculate the Onsager
coefficients (L7) described in the Materials and Methods
section to examine how dynamic correlations impact the
transport of hydroxide ions and thereby affect the overall
conductivity. A near zero L’ value corresponds to uncorrelated
motion where ions move independently without being
influenced by other species. A positive L’ indicates a positive
correlation where ions i and j move in the same direction. A
negative LY indicates anticorrelated motions, where ions i and j
move in opposite directions. We analyze the correlations
impacting the hydroxide transport which include anion—anion
correlation L™, anion—cation correlation L™, and anion-water
correlation L™". As discussed earlier, anion—anion correlation
L™ is decoupled into a self-term Lg; and a distinct term
L(;isgnct’

As shown in Figure 8, the Ly is directly proportional to the
diffusion coeflicient reported in Figure 7 and is equal to the
conductivity calculated using the Nernst—Einstein equation.
While Ly provides an estimate of the uncorrelated ion
motions on the overall transport, correlations could arise from
electrostatic, hydrogen bond, or other interactions between
different species, which is captured using Ly, For all four
systems, we see that Ly, has a positive value, suggesting that
the hydroxide motions are correlated, or that hydroxide ions
are moving in the same direction. However, the magnitude of
Liistinee is lower than Lgyr indicating that the OH™—OH™
correlations are not large in these systems. Next, we examine
the cross correlations between OH™ and the polymer cation
(L) and water (L™). In PE-Al and PE-A2, we observe a
negative correlation in L™*, suggesting that the anion and
cation move in different directions (Figure 8b). This is because
the cations are fixed along the polymer backbone, whose
mobility is much lower compared to that of the hydroxide ions
and waters (Figure 6), and the hydroxide ions move away from
the cations through water clusters leading to an overall
anticorrelated cation—anion motion in these systems. In PE-P1
and PE-P2, we find a slightly positive value of L™, suggesting
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Figure 8. Onsager coefficient L; characterizing correlations between
species i, j in different systems: a) Onsager coefficient L; between
hydroxide ions Ly is the self-part corresponding to self-
autocorrelation and Ly, is the distinct part corresponding to
cross-correlation. b) L™ shows the Onsager coefficient for anion—
cation correlation. ¢) L™ the Onsager coefficient for anion-water
correlation.

that the hydroxide ions move or hop along the polymer in
these systems due to electrostatic effects. Finally, we calculate
the OH™-water correlation and find that all systems not only
have a positive L™ value, but the magnitude of the L™
coefficient is much higher than the others, suggesting that
water facilitates hydroxide transport. Although PE-P1 has the
lowest L™ value (0.5 mS/cm), it is still higher than the L™*
value (0.13 mS/cm). However, the transport of ions in PE-P1
is likely mediated by both water diffusion as well as ion
hopping, as opposed to the other systems which have an
overwhelmingly large L™ value. It is also clear that the
hydroxide ions move within water clusters, which shields their
charge. This is why the Ly, values in these systems are
positive, as there is no electrostatic repulsion between the
hydroxide ions shielded by water.

Finally, we perform uniaxial deformation to compute the
mechanical properties of these systems, and this is reported in
Supporting Information (Figure S1) We find that PE-P2 has
the highest toughness, and PE-P1 has the lowest toughness, in
accordance with experimental data. We also summarize results
from each of our analysis in Table S2 in the Supporting
Information.

B CONCLUSIONS AND OUTLOOK

In this study, we use atomistic MD simulations to understand
how the microstructure of polyethylene-based anion exchange
membranes influences hydroxide transport, across four distinct
chemistries. The static structure factor reveals distinct ionomer
peaks at 1—4 nm™, signifying microphase separation of ionic
domains in the hydrated membranes. We find that a broad
void size distribution translates to large, interconnected water
channels, which facilitates faster hydroxide diffusion. Radial
distribution function and potentials of mean force reveal the
local environment around hydroxide ions, and we see that
narrow voids lead to tighter packing of water molecules around
the hydroxide ions, from which the ions do not dissociate
readily. System dynamics are investigated by computing the
diffusion coefficients, and we find good agreement with
experimental trends. To understand the correlations between
ions and water molecules, we calculate the Onsager transport
coeflicients and establish that the dominant mode of transport
in systems with large voids is vehicular (water mediated)
diffusion. However, in systems with narrow voids, there is a
significant contribution from ion hopping in addition to
vehicular transport. Overall, these simulations provide insights
into the role of water dynamics and ion correlations on the
transport of hydroxide ions. While the trends in hydroxide ion
transport between simulations and experiments are consistent,
there is discrepancy between the magnitude of simulation and
experimental self-diffusion coefficients. This can be attributed
to the fact that our classical simulation models do not account
for Grotthuss diffusion. Future work will address this issue by
approximating reactions using the REACTER force field.>”
This will allow us to directly decouple contributions from
reactive and vehicular transport on hydroxide diffusion,
particularly in low hydration systems.
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