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Abstract

Anion exchange membranes are used in alkaline fuel cells and offer a promising alternative to the
more expensive proton exchange membrane fuel cells. However, hydroxide ion conductivity in
anion exchange membranes is low, and the quest for membranes with superior ion conductivity,
mechanical robustness, and chemical stability is ongoing. In this study, we use classical molecular
dynamics simulations to study hydroxide ion transport and mechanical properties of eight different
hydrated polyolefin-based membranes, to provide a molecular-level understanding of the
structure-function relationships in these systems. We examine the microstructure of the
membranes and find that polymers with narrow cavity size distribution have tighter packing of
water molecules around hydroxide ions. 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 hydroxide diffusion align well with experimental conductivity
measurements. Water facilitates hydroxide diffusion, and this is clearly observed when the
hydration level is varied for the same polymer chemistry. In systems with narrow cavities and
tightly bound hydroxide ions, hydroxide diffusion is the lowest, underscoring the fact that water
channels facilitate hydroxide transport. Finally, we apply uniaxial deformation to calculate the
mechanical properties of these systems and find that polymers with higher hydration levels show
poor mechanical properties. Atomistic molecular dynamics models can accurately capture the
trade-off between hydroxide transport and mechanical performance in anion exchange membranes

and allow us to screen new candidates more efficiently.



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.? 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 towards 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.> However, a high IEC usually leads to considerable swelling
of the membrane, which compromises the mechanical robustness of the membrane module.®
Furthermore, quaternary ammonium 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 quaternary ammonium functional

group to improve both conductivity and chemical and mechanical stability.?1

To enhance conductivity without compromising the mechanical and chemical stability, we

need a clear understanding of hydroxide ion transport through the polymer matrix. Key
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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 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, pores in the polymer
matrix undergo swelling resulting in the creation of continuous water channels that facilitate both
vehicular (convective transfer) 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.!*'4 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

AEMs 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, Zelvich 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 the bulk solution, the

first hydration shell around OH™ comprises four water molecules.!®"!® ReaxFF molecular dynamics
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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 (4); at A =4 or lower, water
mediated OH™ hopping (Grotthuss) is the dominant mechanism.!*!> The study by Chen et al. also
showed that a combination of both vehicular and Grotthuss diffusion contribute to the overall
transport, but emphasized that the vehicular diffusion is significantly more dominant at hydration
levels of 2 > 14.2° Zhang and van Duin investigated three functionalized poly (phenylene oxide)
polymers using both classical and reactive forcefields. 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
protect N* from nucleophilic attack.!” Another study delved into OH™ transport mechanism using
polarizable forcefield, 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 sub-nanometer wide

water channels. 2!:22

In this study, we focus on how polymer morphology affects convective OH™ transport and

mechanical properties, in polyolefin based AEMs by employing classical molecular dynamics
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(MD) simulations. We systematically analyze eight systems that have been characterized
experimentally and offer molecular insights into experimentally observed trends by relating ion
dynamics to polymer chemistry. These systems were chosen as they have the same backbone
structure, allowing us to correlate functional group chemistry to overall performance. We consider
high hydration levels where vehicular (convective) transport is the primary contributor to
hydroxide dynamics. We investigate the mechanical properties of these AEMs, as this is important
for ensuring the integrity and longevity of the membranes under different operating conditions.
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 novel AEMs with enhanced OH~

dynamics and mechanical properties.

Materials and Methods

System Setup

Three distinct polyolefin systems featuring similar backbone chains are selected to
investigate how side chain architecture impact the performance and stability of AEMs (Figure 1).
These polymers chosen were also extensively probed via experiments. Specifically, the chosen
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.?;
tetraalkylammonium-functionalized polyethylene (TFP-F), as studied by Kostalik et al 24; and

ammonium functionalized polypropylene (PP-F) with two functional groups from the work of

Zhang et al. % For simplicity, we will use the abbreviations PE-F, TFP-F, and PP-F to denote the
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three systems. These abbreviations which we will use throughout the manuscript, correspond to

the functionalized polymers depicted in Figure 1.
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Figure 1: Anion exchange membrane chemistries investigated in this study. Eight polyolefins
are divided into three sets of systems depending on the backbone architecture and functional
groups: (a) ammonium-functionalized polyethylene (PE-F) (b) tetraalkylammonium-

functionalized polyethylene (TFP) (c) Ammonium-functionalized polypropylene (PP-F).

For the first set of ammonium-functionalized PE, 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 Trimethylammonium (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-A1 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. For the second family of polymers (TFP), ion contents of 29% and 33% were



examined experimentally. To remain as close to prior study?*, we consider ion contents of 25%
and 33%, and these systems are designated as TFP-25 and TFP-33, respectively (Figure 1). We
opted to implement larger difference in ion content than that used in experiments so that the
difference in performance as a function of ion concentration is clear in the simulations. A
maximum ion content of 33% is utilized to prevent undesirable membrane module swelling, as
exceeding this threshold leads to significant expansion as observed by Kostalik.?* In the third
family, ammonium functionalized polypropylene (PP-F), we vary the length of the alkyl group
attached to trimethylammonium to investigate the steric effects introduced by the extended alkyl
chain. The side chain on the backbone is terminated with trimethylammonium and N,N-dimethyl-
1-hexadecyamine, and the polymers are referred to as PP-T and PP-D, respectively. The presence
of a lengthy alkyl chain in PP-D acts as a spacer between distinct cationic groups, mitigating

nucleophilic attacks on these cationic groups and enhancing the membrane's stability.?’

Monomer units are constructed using Avogadro?®, followed by geometry optimization
using the semi-empirical EFN2-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).2 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, 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
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hydrated domains that facilitate ion diffusion.*>7 In our simulations, we used the reported water
uptake values to calculate the hydration number as defined in equation 1. Here, the hydration
number (A1) is determined using the theoretical ion exchange capacity (IEC, mmol[OH]/g), the
molecular weight of water (Mw:, g/mol), the experimental water uptake (WU% H>0), and a
constant factor 10 for unit adjustment. Theoretical IEC is determined from the elemental analysis
of AEM composition. Four independent replica simulations with different starting configurations
(which includes independent monomer packing and polymerization) are carried out for each of the
eight systems described above, for a total of 32 systems. The system parameters are listed in Table

1.

_ WU% H,0 % 10

IEC * M,,, M

Table 1: System details for the eight polymers considered. The box length is averaged over

four replicas.

System | Monomers, Box Theoretical | Water # OH ions Hydration #
Chains Length | IEC (mmol | Uptake »)
(nm) OH/g) %
PE-A1 | 460, 4 6.5 23 75 240 18
PE-A2 | 460, 4 7.7 3.1 104 480 18
PE-P1 | 460,4 6.1 2.1 30 240 8
PE-P2 | 460, 4 7.3 2.8 56 480 11
TFP-25 | 320, 10 53 1.8 97 80 30
TFP-33 | 300, 10 55 23 132 100 32
PP-T 250, 4 5.6 2.5 34 200 7
PP-D 250, 4 6.6 1.6 37 200 12
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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 is collected. Data
shown is the average over the four replicas for each system. All simulations in this work utilized
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 femtosecond timestep is employed.
Long ranged interactions are accounted for by employing a particle-particle/particle-mesh (PPPM)

algorithm with 1.5 nm cutoff.

Analysis

To assess water channels across the different hydrated polymer samples, we examine the
channel dimensions, or cavities 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

10
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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 quantify the local packing of hydroxide ions near water molecules and the polymer
cation, we utilize the radial distribution function (RDF), gij(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
Iu—u (), go—o (), go—n(r) and gy_p(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 repeating 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) = < (ri(t) — 1:(0)) ?) (2)

Here, 1;(0) refers to the initial frame 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:

11
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MSD(t) = 6Dt (3)

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 (long time MSD slope ~ 1), allowing us to calculate their

diffusion coefficient from Equation 3.

To assess the mechanical properties of the hydrated polymers, each equilibrated system is
subjected to a uniaxial tensile deformation along the x-axis with a constant engineering strain rate,
by increasing the box dimension in finite steps. The barostat is applied in the y and z directions, to
maintain an overall pressure of 1 atm. Employing the erate style in LAMMPS, we apply a strain
rate of 107 s™! for a duration of 200,000 fs, reaching a strain of 2.0 (equivalent to three times the
initial box length). Deformation is performed across all four replicas. We refer the reader to prior

work for further details about the protocol.**

Results and Discussion
Structure

The two primary modes of hydroxide transport in AEMs are vehicular diffusion and
Grotthuss hopping. The microstructure of the polymer, which is directly responsible for the degree
of water uptake, 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
Methods section, which gives the pore size distribution (PSD) for each system. We characterize
water channels qualitatively, through visual representations in the form of snapshots of one-

nanometer cross-section of various simulation boxes (Supplementary Information).

12
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Figure 1 shows the PSD in the PE family of AEMs. We find that the cavity size distribution
is in the order PE-A2 > PE-A1 > PE-P2 > PE-P1. Overall, PE-A1 and PE-A2 have large cavities
that are > 1 nm in diameter, and PE-P1 and PE-P2 have small cavities that are ~0.2 nm in diameter.
PE-A2, with the double functional TMA groups (Figure 1c) has the largest cavities and the
broadest cavity distribution. This is primarily due to steric effects, due to the inability of the bulky
TMA group to pack efficiently, giving rise to large water channels. On the other end of the
spectrum, we have PE-P1 with the smallest cavity 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 cavities
and smaller water channels that are smaller in size compared to PE-A1 and PE-A2, which contain
TMA functional groups. Both PE-A1 and PE-A2 have a large cavity 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 pore
size distribution, with PE-P1 having sparsely connected narrow channels, and PE-A2 has dense
water channels (Figure S2, Supporting Information). 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.

13
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Figure 2: Cavity size distribution showing the number of cavities normalized by the box
volume as a function of cavity diameter, calculated using VACUUMMS for four PE

polymers, as labeled.

The cavity distribution and water channels for the TFP polymers are shown in Figure 3.
The voids in both TFP-25 and TFP-33 have a bimodal distribution, with narrow (<0.4 nm) and
large (>1.2 nm) voids. There is not a significant difference in the void distribution between the two
systems, which is to be expected given that the polymers have the same backbone and sidechain
architecture. We do find that the cavity distribution for the 25% system shows a higher number of
both narrow and broad voids. The challenge in distinguishing differences in the polymer
microporosity between the two TFP polymers arises from the substantially elevated and closely
matched hydration levels (A= 30, 32), along with very similar chain architecture. However, upon
examining the y-axis in Figure 2 and Figure 3, the TFP polymers have higher number of voids
compared to the polymers in the PE systems. This is also observed qualitatively in the snapshots

(Figure S2, S3 in Supporting Information).

14



4 [ TFP-25
E [ TFP-33
< 3
§
S
C2
S
5]
E
=1
Z
0 _ML

0 2 4 6 8 10 12 14 16
Void Diameter (A)

Figure 3: Cavity size distribution showing the number of cavities normalized by the box
volume as a function of cavity diameter, calculated using VACUUMMS for TFP-25 and TFP-

33 polymers.

In the ammonium functionalized PP polymers, PP-D with the larger alkyl spacer has higher
number of cavities and a broader distribution, compared to PP-T which consists of significantly
fewer cavities. PP-D has cavities that are > 1.0 nm in diameter, whereas all the cavities in PP-T
are less than 1 nm. Specifically, PP-D has a long alkyl chain in place of a methyl group, and the
presence of this chain acts as a spacer between the cationic groups of the polymer, which enhances
microphase separation and promotes the formation of larger water channels. This is why the water
channel is significantly larger in PP-D compared to PP-T. This distinction is evident in the
distribution depicted in Figure 4 and the snapshot in Figure S4 of the Supporting Information. PP
polymers have the fewest cavities in a given volume, signifying that this family of polymers has

the lowest cavities and smallest water channels.
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Figure 4 Cavity size distribution showing the number of cavities normalized by the box
volume as a function of cavity diameter, calculated using VACUUMMS for PP-T and PP-T

polymers.

Next, we calculate the 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
Methods section. Both the distribution of OH™ ions within the polymer matrix and the spatial
arrangement of water molecules surrounding these OH™ ions are critical parameters that
significantly influence ion transport and thus, conductivity in AEMs. The H*-H (hydroxide
hydrogen — water hydrogen) and the O*~O (hydroxide oxygen — water oxygen) RDF show the
arrangement of water around hydroxide ions. The first peak in O*~O and the first two peaks in
H*-H correspond to the first coordination shell, or the closest water molecules around OH™. Across
all eight systems, the first peak in O*—O has a high intensity, as the hydroxyl group forms a strong
hydrogen bond with the water oxygen, causing both hydroxyl hydrogen and oxygen to pack closely

to water molecules.
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Figure 5 shows RDFs for the PE polymers. PE-A1 and PE-A2 have the same hydration
number of 18, implying that differences in the local packing is directly correlated to the nature of
the functional groups. We find that the water — hydroxyl (gy«_y(r) and go+_o(r)) peaks are
sharpest in PE-P1 system (Figures 5a and 5b), suggesting that the water molecules in PE-P1 are
closer and more tightly ordered around the hydroxyl ions than the other PE polymers. Additionally,
the OH ions in PE-P1 are packed closer to the cation on the polymer backbone, compared to the
other polymers (Figure 5c¢). Conversely, PE-A2 shows the smallest gy_y (1), go*—o(r), and
go+—n (1) peaks. As for the other two systems, (PE-P2 and PE-A1), their water — hydroxyl and
polymer — hydroxyl peak intensities are in between these extremes. These results indicate that in
polymers with narrow cavity size distribution (Figure 2), the hydroxyl ions are packed closer to
both water molecules and cationic groups along the polymer sidechain. We also find that the
polymer — polymer packing, gy_n(r) (Figure 5d) is the highest in PE-P1 and PE-A2, the two

polymers which have narrow cavities, compared to PE-A1 and PE-P2.
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Figure 5: Comparison between the radial distribution functions (RDFs) of PE-A1, 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), (¢) N—O*(polymer nitrogen —

hydroxyl oxygen), and (d) N—N (polymer nitrogen — polymer nitrogen).

The RDFs for the two TFP polymers are given in Figure 6. TFP-25 and TFP-33 have a
high hydration number of 30 and 32, respectively. Of the two, we find that TFP-25 has higher
I —pu(r) and go-_o(r) peaks (Figure 6a and 6b), signifying that water is packed closer to
hydroxide ions in TFP-25 compared to TFP-33. We also find that g,+_y (7) is higher in TFP-25,
signifying that hydroxide ions are packed tightly to the polymer cation in TFP-25 compared to
TFP-33. The cavity size distribution for the two TFP systems are not very different (Figure 3),

however, TFP-33 has higher number of cations along the backbone. We also see that the gy _n (1)
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peak is sharper in TFP-25, suggesting that the polymers chains are more compactly packed in TFP-

25 than TFP-33.
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Figure 6: Comparison between the radial distribution functions (RDFs) of TFP-25 and TFP-
33, as labeled. The RDFs shown are for (a) O*—O (hydroxyl oxygen — water oxygen) (b)
H*—H (hydroxyl hydrogen — water hydrogen), (¢) N—O*(polymer nitrogen — hydroxyl

oxygen), and (d) N—N (polymer nitrogen — polymer nitrogen).

Finally, the RDF for the two PP polymers is shown in Figure 7. The water-hydroxide g(r)
peaks are slightly higher in PP-T compared to PP-D, especially go+«_o(r) (Figure 7b), indicating
that the packing of water molecules around the hydroxide ions is slightly greater in PP-T compared
to PP-D. The gy+_n(r) (Figure 7c) peak is markedly higher in PP-T compared to PP-D, revealing
that the hydroxide ions are bound tighter to the cationic groups in PP-T compared to PP-D. In line

with our observations for the PE polymers, where systems with larger cavities had less intense g(r)
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peaks indicating that the waters and cations are not closely packed around the hydroxide ions in
these polymers, compared to those with smaller cavities, which exhibit sharper g(r) peaks. In
addition to the smaller cavities in PP-T, this could also be because of the smaller alkyl chain in
PP-T compared to PP-D, which prevents the hydroxide ions from arranging close to the polymer
cation. The first peak in gy_n(7) are similar, although PP-T shows a faintly higher first peak, and
also has a shoulder at low r compared to PP-D. Overall, we observe that the polymer cavity
distribution is inversely correlated with the local packing of different molecules, that is, polymers
with small cavities have high g(r) peaks, across the three sets of polymers that we consider.
Specifically, the close packing of atoms in PE-P1/PP-T compared to PE-A2/PP-D corresponds to

a tighter packing of water molecules around OH™ moieties.
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Figure 7: Comparison between the radial distribution functions (RDFs) of PP-T and PP-D,

as labeled. The RDFs shown are for (a) O*—O (hydroxyl oxygen — water oxygen) (b) H*—
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H (hydroxyl hydrogen — water hydrogen), (c) N—O*(polymer nitrogen — hydroxyl oxygen),

and (d) N—N (polymer nitrogen — polymer nitrogen).

We computed the potential of mean force (PMF) from the polymer nitrogen — hydroxyl
oxygen (go+_y (7)) radial distribution function; this data is reported in the Supporting Information,
Figure S5. 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. Of all the systems considered, we find that the well
depth in PP-T to be the highest (-4.0 kJ/mol), and that in TFP-33 and PE-A2 to be the lowest (-1.7
kJ/mol).

Details of the membrane microstructure and anion-cation interaction strengths are

summarized in Table 2.

Dynamics

To explore the influence of chemistry and water channels on the transport and dynamics of
hydroxide ions, we compute the MSD as described in the Methods section. To decouple the
dynamics of water, polymer and anions, we calculate the MSD of hydroxide ions, water and
polymer separately, the results are presented in Figures 8-10. For all 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 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, specifically, the two MSD slopes are equal, but do not cross each. 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
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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.

Figure 8 shows the MSD for the four PE systems. Overall, we see the PE-P1 (Figure 8c)
and PE-P2 (Figure 8d), with single and double N-methylpiperidinium (NMP) groups, respectively,
have low hydroxide MSDs compared to PE-A1 (Figure 8a) and PE-A2 (Figure 8b), which contain
trimethylammonium groups. In fact, the hydroxide ions in the PE-P1 system have not reached the
diffusive regime (Figure 8c). We also see that in PE-P1 and PE-P2, the intermediate plateau in the
hydroxide MSD is more persistent compared to the plateau in the PE-A1 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 S4), 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
cavity size distribution and strongest g(r) peaks shows the lowest hydroxide mobility, and PE-A2
with the broadest cavity size distribution and the smallest g(r) peaks shows the highest hydroxide
mobility. This shows that small cavities 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.
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Figure 8: Mean squared displacement (MSD) curves for hydroxide ions, waters, and polymer
for a) PE-A1 b) PE-A2 c) PE-P1 and d) PE-P2, as labeled. Inset shows monomer chemistry,

and the dashed line indicates log-log slope of 1.

The MSD plots for the two TFP polymers are shown in Figure 9, which only vary in their
total ion content. We find that the overall trends are consistent with PE polymers. Additionally,
both the water and hydroxide dynamics are much higher in TFP compared to PE; we believe this
is because of the high hydration numbers of these materials (A = 30 and 32), compared to the PE
polymers (A = 18). The plateau in the hydroxide MSD of both TFP polymers is short lived
compared to the PE polymers, which is also because of the high number of water molecules in

these systems, which enhances vehicular transport.
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Figure 9: Mean squared displacement (MSD) curves for hydroxide ions, waters, and polymer
for a) TFP-25 and b) TFP-33, as labeled. Inset shows monomer chemistry, and the dashed

line indicates log-log slope of 1.

The MSD curves for the PP polymers are shown in Figure 10. Both these systems have the
same hydration number (A = 12) but differ in the total number of alkyl chains (Figure 1). Both
water and hydroxide dynamics are higher in PP-D compared to PP-T. The subdiffusive plateau for
OH" is more persistent in PP-T compared to PP-D, signifying that the ions take longer to dissociate.
The minimum in the PMF is deeper for PP-T compared to PP-D as well (Supporting Information,

Figure S4). The dynamics of the three species for both PP polymers is lower compared to the TFP
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polymers, and somewhat comparable to the PE polymers. Similar to PE-P1, the hydroxide ions in

the PP-T have not reached the diffusive regime (Figure 10a) in the timescales considered.
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Figure 10: Mean Squared Displacement (MSD) curves for hydroxide ions, waters, and
polymer for the two PP systems averaged over four replicas, as labeled. Inset shows

monomer chemistry, and the dashed line indicates log-log slope of 1.

To quantify the mobility of water molecules and hydroxide ions, we calculate the diffusion
coefficient as described in the Methods section. As expected, water has higher diffusion coefficient
than the hydroxide in each system. Water and hydroxide diffusion are both highest for the TFP-25
and TFP-33, and lowest for PE-P1 and PP-T. We see a strong correlation between polymer

microstructure and hydroxide dynamics, where a more porous microstructure facilitates faster
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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. A clear correlation emerges in Figure 11 between hydroxide and water diffusion across
diverse systems. This underscores the significance of water in facilitating hydroxide transport, as
elucidated in previous sections. Within each polymer family, we find that our diffusion coefficients
are in reasonable agreement with experimental conductivity trends. Specifically, for the systems
considered, the measured hydroxide conductivity values for 1) PE polymers are 54, 73, 26, 59
mS/cm for PE-A1, PE-A2, PE-P1, PE-P2, respectively 2) TFP polymers are 40 and 48 mS/cm for
TFP-29 and TFP-33, respectively 3) PP polymers are 17 and 19 mS/cm for PP-T and PP-D,
respectively. The main differences between the trends in conductivity and diffusion are with the
TFP polymers. In our simulations, we find that TFP polymers have the highest OH™ diffusion,
however, experimentally, PE-A2 has the highest conductivity. We have chosen to not calculate
conductivity in our simulations, as this requires careful treatment of ion-ion correlations and will
be the subject of future work. Both simulations and experiments point to the fact that PP polymers
have the lowest diffusion and conductivity, respectively. The diffusion coefficients for water and

hydroxide ions for the eight systems are reported in Table 2.
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Figure 11: Diffusion coefficient calculated for eight systems averaged over four independent

replicas. Error bars indicate one standard deviation.

To capture the effect of hydration on ion transport, we consider four hydration levels (A=0,
20, 30, 40) in the TFP-25 system, and calculate OH™ diffusion at these hydration levels; this is
reported in the Supporting Information, Figure S5. We find that in the dry state, the hydroxide ions
do not dissociate from the cations in the time scale of the simulation, and they have very little
mobility. As hydration increases, the mobility of OH™ ions increase as well, signifying that water

contributes significantly in transporting OH™ ions through the membrane.

Mechanical Properties

Lastly, we compute the mechanical properties of these systems, by applying uniaxial
tensile deformation, as detailed in the Methods section. The results are presented in Figure 12. To

achieve a comparable level of conductivity, AEMs often rely on a higher ionic exchange capacity
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(IEC). However, this strategy often results in elevated water uptake, as observed in experimental
systems. The substantial increase in water absorption, in turn, poses a challenge to the mechanical
integrity of the membrane. Overall, we find that the TFP polymers, with the highest hydration
levels, have the lowest mechanical toughness (Figure 12b), as seen by the decreased yield stress
in these systems (~35 MPa). Amongst the PE polymers, in both experiments*} and simulations,
PE-P1 demonstrates the poorest mechanical performance. Our results show that PE-P2 has the
highest yield stress (~50 MPa), likely due to double phenyl groups belonging to the N-
methylpiperidinium (Figure 12a). Between the PP polymers, PP-T show significantly higher yield
stress compared to PP-D signifying that while the long alkyl enhances conductivity, it lowers the
mechanical properties of the membrane. The mechanical properties for the TFP-25 polymer as a
function of hydration number was calculated to assess the dependence of mechanical integrity of
the membrane with water content, this is reported in the Supporting Information, (Figure S1).
When the membrane is dry, the mechanical response is that of a brittle polymer, with a high
modulus and yield stress. As the hydration increases, the yield stress and modulus both drop, and

the polymer shows decreased mechanical properties.
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Figure 12: Stress-strain curves of a) PE, b) TFP, and c) PP polymers undergoing uniaxial

tensile deformation, at a strain rate of 1075 571,

Findings from this study are summarized in Table 2, for the eight systems considered.
Overall, there is a strong correlation between the hydration number and hydroxide transport, with
PP-T and PE-P1 having the lowest hydration numbers (< 10) and the lowest hydroxide diffusion
coefficients. Similarly, TFP polymers with the highest hydration numbers (>30) have the highest
hydroxide diffusion. A higher water uptake leads to a greater interconnected void network within
the polymer matrix which facilitates the transport of hydroxide ions. The interaction between OH~

and the polymer cation are also dependent on the amount of water in the system, as water can
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screen electrostatic interactions. The mechanical strength is negatively correlated with hydration,

with systems with a high hydration number showing reduced yield strength.

Table 2: Summary of results obtained from MD simulations for the eight systems studied.

Two data points reported for average void size and voids/nm? indicate that the system has a

bimodal distribution of pores.

System Average | Voids/ OH-N OH- H:O Yield
(hydration void size | nm? interaction diffusion | diffusion | stress
number) A) strength (m%/sec) | (m¥sec) | (MPa)
(kJ/mol)

PE-A1(18) | 14 1 2.3 0.100 0.30 43
PE-A2 (18) |15 2 -1.7 0.150 0.450 44
PE-P1 (8) 2 0.5 -3.2 0.003 0.013 43
PE-P2 (11) |2 0.5 -1.87 0.010 0.010 50
TFP-25 (30) | 2,15 0.4,3.7 -2.1 0.210 0.810 32
TFP-33 (32) | 2,15 0.3,2.5 -1.7 0.270 0.970 32
PP-T (7) 2 0.6 -4.0 0.004 0.012 41
PP-D (12) 2,15 0.7,0.2 -3.40 0.010 0.080 33

Conclusions and Outlook

In this study, we use atomistic MD simulations to understand how the microstructure of

polyolefin-based anion exchange membranes influences hydroxide transport, across eight distinct
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chemistries. We find that a broad cavity size distribution translates to large, interconnected water
channels when hydrated, 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 cavities lead to tighter packing of water molecules around the hydroxide ions, from which
the ions do not dissociate easily. System dynamics was investigated by computing the diffusion
coefficients, and we find reasonable agreement between calculated diffusivity and experimental
conductivity. Mechanical properties of the AEMs were evaluated using uniaxial deformation, and
we find that the mechanical integrity of AEMs is inversely impacted by the hydration level. The

simulations predict the observed patterns in both conductivity and deformation performance.

While the trends in hydroxide ion transport and conductivity between simulations and
experiments are consistent, the conductivity values are not reported for two reasons. The first is
that classical MD models used in this work do not account for proton hopping, or Grotthuss
transport. Secondly, Nernst-Einstein relation is often utilized to calculate conductivity from the

4748 Euture work will address

diffusion coefficient, which does not include ion-ion correlations.
these issues by employing approximating reactions using the Reacter forcefield* and by
employing the Onsager framework®® to estimate conductivity from simulations. This generic

model will allow us to scaleup the screening of novel AEM chemistries via high-throughput

simulations.
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Qualitative Analysis of Water Channels

Three figures (S1, S2, S3) are provided to show the water channels in the chemistries. Specifically,
Figure S1 displays representative snapshots unveiling the water channels within four PE systems.
Figure S2 shows snapshots illustrating the water channels in TFP-25 and TFP-33. Figure S3 shows

representative snapshots depicting the water channels within two PP systems.

PE-Al
PE-A2

PE-P1
PE-P2

Figure S1: Representative snapshots showing the water channels in the four PE-13 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.



Figure S2: Representative snapshots showing the water channels in the two 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.

Figure S3: Representative snapshots showing the water channels in the two PP-20 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.



Potential Mean Field (PMF)

The potential mean field (PMF) profiles are derived from the radial distribution function of N-O*,
where N represents nitrogen situated on the cationic site and O* denotes oxygen within the

hydroxide ion. The calculation of the potential mean field is determined by the following equation.
PMF = —RT In (g(r))

Here, R denotes the gas constant, T represents the temperature in Kelvin, and g(r) is the N-O*
radial distribution function. The PMF serves as a measure to assess the electrostatic interactions
between hydroxide ions and cationic functional groups. The PMF profiles for the eight distinct
systems under discussion are depicted in Figure S4. The depth of the well correlates with the
strength of electrostatic interactions. Systems exhibiting reduced well depth, like PE-A2,
demonstrate weaker electrostatic interactions between the ammonium and hydroxide anions,
resulting in 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.
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Figure S4: Potential Mean Field (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.



Impact of Water Uptake

The conductivity and mechanical performance of the systems are intricately linked to the water
uptake (hydration number). In the previous analyses, the experimental water uptake data from prior
studies '3 served as the basis for our investigation. Under different water uptake values, both
conductivity and mechanical properties change significantly. Higher water uptake usually leads to
formation of larger water channels and a significant increase in the vehicular diffusion of
hydroxide. Simultaneously, the presence of water weakens the structural robustness and leads to a
decline in the material mechanical properties. To elucidate the influence of water, we analyze the
change in conductivity and mechanical performance while systematically varying the hydration
number for TFP-25. Figure S5 depicts the increase of hydroxide MSD and, consequently, diffusion
with increasing hydration numbers. At the same time, the stress-strain reveals a decrease in

mechanical properties as the hydration number is elevated.
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Figure S5: Impact of hydration number on the conductivity and mechanical performance

n

of the membrane module. Hydration Number (4) ranges from 0 - 40 water molecules per
OH'.
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