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Understanding ion diffusion in anion exchange
membranes; effects of morphology and mobility of
pendant cationic groupst
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Anion exchange membranes (AEMs) are a promising low-cost alternative to cation exchange membranes
(CEMs) in fuel cells. Among them, poly(2,6-dimethyl-1,4-phenylene oxide) with pendant quaternary
ammonium (PPO-QA) is one of the most promising. PPO-QA membranes with flexible alkyl side-chains
of varying lengths as a spacer (or extender) for QA have been studied and shown to have different
performances; however, the exact underlying mechanisms have remained unclear. We study PPO-QA

membranes with varying alkyl side-chains (n = 0, 6, 10, and 16 carbon atoms) with a constant QA
position (near the backbone), and with the same side-chain length (n = 16) and varying QA positions on
it: near the polymer backbone, in the middle, and at the end of the pendant side-chain, by molecular
dynamics (MD) simulations. The calculated water diffusion coefficient in the membranes is in full
agreement with experimental data. Our study on membranes with varying alkyl side-chain lengths and
a constant QA position at different hydration levels shows a consistent and quantitative correlation

between the anion diffusion coefficient (D,) and the hydrophilic pathway morphology. Also, at constant
hydration, D, is considerably enhanced due to moving the QA position towards the end of the alkyl side-
chain. However, we show that this enhancement is not due to morphological changes in the hydrophilic
pathway or polymer phase. Still, the underlying mechanism is the enhanced mobility of QA, plus a lower
residence time of anions close to QA. We show that the morphology of the membrane and the degree

of phase separation between the hydrophobic/hydrophilic parts is almost constant, but the QA at the

end of the alkyl side-chain is considerably easier to pull towards the water channels; therefore, its

increased mobility and hydration result in the enhanced dynamics of the diffusing anion. Lastly, we

introduce a new methodology to assess the correlation between membrane structure and ion transport

rate for fuel cell membranes so that one can tune the permeation of ions (or other molecules) by two

distinct mechanisms: (i) by controlling the hydrophilic pathway morphology by changing the polymer

backbone structure, which determines the permeation according to the size of the diffusing moieties,
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and (i) by side-chain modification, which enhances QA mobility and accordingly (selectively) increases

the ion diffusion rate. We show that our methodology could successfully explain how the side-chain

DOI: 10.1039/d2ta04400e

rsc.li/materials-a Cross-over remains constant.

1 Introduction

Over the past few decades, we have witnessed tremendous
growth in ion exchange membrane (IEM) applications in
various industries, including water electrolysis,* the automotive
industry,” redox flow batteries,®> and polyelectrolyte membrane
fuel cells.* Accordingly, fuel cell development has experienced
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modification for PPO-QA membranes considerably increases the ion permeation while the methanol

considerable progress as a result of employing IEMs instead of
traditional liquid electrolyte fuel cells.>** IEMs, as the heart of
these energy conversion devices, control the ion conduction and
ensure the long-term performance of fuel cells.

Hydrophilic network management and the degree of phase
separation between the hydrophilic and hydrophobic parts of the
polymer are known to be the critical factors for water and ion
transport through all types of IEMs.*” The term “hydrophilic
network management” refers to developing a water network at
a standard water level to hinder membrane dehydration and
maintain fuel cell efficiency. Preparing an optimal phase-
separated network with desirable ion transport capabilities
while maintaining the minimum hydration level has been a fresh
challenge for scientists.*'* Thus, a clear correlation exists
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between the morphology and ion transport properties of IEMs. In
a previous study," we investigated hydrophilic path formation
and diffusivity of water/ions in a series of sulfonated polyether
sulfone cation exchange membranes (CEMs). There, we estab-
lished a quantitative relationship between the morphological
parameters of the hydrophilic pathway in CEMs and their ion
transport properties. We showed that the hydrophilic path,
characterized by three measurable parameters, i.e., Pore Limiting
Diameter (PLD), Largest Cavity Diameter (LCD), and Pore Size
Distribution (PSD), plays a crucial role in controlling water and
ion transport through the membranes. We established a quanti-
tative relationship between these structural parameters and the
diffusion coefficient of water and ions.

Using scarce and expensive platinum-based catalysts for
CEMs hinders their widespread application in fuel cells."
Therefore, Anion Exchange Membranes (AEMs) modified with
cationic groups are attractive alternatives that function well
without platinum catalysts.*** A variety of polymers, including
poly(sulphone)s, poly(arylene ether)s, poly(styrene)s, poly(-
phenylene oxide)s, poly(ether ether ketone), and poly(olefin)
s,%**" modified with a broad range of cationic groups**>> have
been utilized for the production of AEMs. However, many AEMs
show decreased performance over time and under different
physical conditions. According to scientific reports,®? this issue
can be attributed to the inability of AEMs to manage and
maintain a uniform hydrophilic pathway inside the membranes
during their service life. Among them, polyphenylene oxide
(PPO) based polymers functionalized by trimethylammonium
quaternary groups and their derivatives showed high alkaline
stability and great ion transport properties, making them
a promising candidate in fuel cell applications.>**” Also, recent
studies have shown that PPO backbones tethered with long
flexible alkyl chains (more than four carbon units) as a spacer or
extender bound to the cationic pendant group have better
structural integrity and ion transport properties as compared to
those without alkyl side-chains,*®*®* while the underlying
mechanisms remained unclear.

Experimental and computational approaches have been used
to explore the relationship between membrane morphology and
ion transport behavior in functionalized PPO. For instance, Dang
et al®® studied the effect of a flexible heptyl spacer on the
hydroxide ion conductivity and hydrated membrane morphology
of quaternary ammonium (QA) functionalized PPO (PPO-QA).
Their SAXS results revealed that the heptyl spacer side-chain
gives a more efficient phase separation between the ionomer
and the backbone of the polymer as compared to conventional
functionalized PPO without a spacer. They suggested that this
could be attributed to the higher mobility of the QA group
because of the flexible heptyl side-chain. In a related study,* they
investigated the effect of cationic alkyl side-chains of different
lengths and configurations tethered as a spacer, extender, and
spacer + extender on hydroxide ion conductivity and morphology
of PPO-QA membranes. They concluded that membranes with no
spacer and extender show very poor phase separation and ionic
clustering.

Moreover, phase separation is mitigated as an alkyl chain is
tethered to the cationic group as an extender. In contrast, alkyl
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spacer units (cationic head groups) facilitate ionic clustering as
flexible alkyl fragments could provide appropriate local mobility
for the cationic group to phase-separate from the polymer
backbone. Along these lines, Lee® studied the effect of hydro-
phobic (alkyl) and hydrophilic (ethylene oxide) long spacers
attached to the cationic groups on the phase-segregated
behavior of PPO and polystyrene-ethylene-butylene-styrene
(SEBS). The results showed that adding hydrophobic spacers
improves nano-separation, and the membranes have better
conductivity while having a decreased ion exchange capacity
and water content. Also, they found that the stretched hydro-
philic side-chains in the presence of water induce steric
hindrance and prevent water and hydroxide ions from being
transported through the polymer network. In very recent work,
Molinero et al.'**® systematically explored the effect of alkyl
spacer length (1-12 carbons) on ion diffusion in low water
content (e.g., A = 5) PPO-QA membranes. Their results showed
that the alkyl side-chain length has a poor contribution to the
width and clustering of the channels at a constant hydration
level. At the same time, it enhances the anion diffusion coeffi-
cient. Their results suggest that the anion mobility increases
while the width of the hydrophilic pathway remains constant.

Despite multiple computational and experimental observa-
tions of the side-chain architecture effect on anion transport
through AEMs, the impact of water content, side-chain length,
and position of the cationic group on the morphology of the
hydrophilic pathway and its relationship with ion transport
behavior in modified AEMs with alkyl side-chains is still not
fully understood, and a comprehensive examination is yet to be
performed. In the current study, we performed atomistic-level
molecular dynamics simulations for a series of cationic
quaternary ammonium poly(2,6-dimethyl-1,4-phenylene oxide)
(PPO-QA) membrane models with similar ionic content and
different spacer and extender units. In the first part of this
study, we aim to outline how water content and extender length
(n = 0, 6, 10, and 16) influence the morphology of the hydro-
philic pathway and, accordingly, the water, anion (Br~) and
methanol transport behavior. In the second part, we examine
the effect of the cationic group position on a relatively long
hydrophobic alkyl side-chain (16 carbon units) on the hydro-
philic pathway morphology and water, anion and methanol
diffusion coefficients at a constant hydration level. Also, we put
forward a clear mechanism by which the position of QA on side-
chains affects the anion transport. Our current study is focused
on PPO-QA-based membranes; however, the resulting insight
into the influence of structural parameters on transport prop-
erties and underlying mechanisms offers a rational molecular
design strategy for of polyelectrolyte
membranes.

new generations

2 Methods

2.1 Molecular model approach

Model membranes consist of different types of cationic
quaternary ammonium poly(2,6-dimethyl-1,4-phenylene oxide)
(PPO-QA) random block-copolymers with a constant composi-
tion of 40% functionalized monomers and variable QA side-

This journal is © The Royal Society of Chemistry 2022
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(@) Chemical structure of functionalized and non-functionalized PPO monomers. (b) One-dimensional schematic illustration of the

Pore Limiting Diameter (PLD) and Largest Cavity Diameter (LCD) parameters in a hydrated polymer structure.

chain configurations in the presence of Br~ ions. Monomers are
functionalized by quaternary ammonium with and without an
alkyl side-chain (0, 6, 10, and 16 carbon units) as extender,
spacer, and spacer + extender attached to the cationic groups.
Each polymer chain is constructed by 20 monomers, 8 of which
are randomly functionalized by cationic quaternary ammo-
nium. The chemical structure of different forms of functional-
ized and non-functionalized monomers of the PPO-QA chain is
depicted in Scheme 1a. We named the membranes based on
side-chain structure and position of cationic groups. For
instance, PPO-BTMA stands for a polymer with cationic groups
attached to the polymer backbone without an alkyl side-chain (n
= 0), and PPO-C8QCS refers to a polymer with a cationic group
placed in the middle of the 16-carbon length alkyl side-chain.
It is worth noting that our MD simulations utilize short
polymer chains exhibiting enhanced end-group effects as
compared to experimental systems with longer chains.
However, all-atom MD simulations of polymer solutions with
long chains are problematic since the chain structures do not
equilibrate within the achievable duration of such simulations,
which corresponds to a few hundreds of ns. Since we are not
interested in the diffusive dynamics of the chains but rather in
the diffusive dynamics of water and anions, and since the

This journal is © The Royal Society of Chemistry 2022

polymer solution structure does not depend much on chain
length in the so-called semi-dilute solution regime,*” the chain
length chosen by us should allow us to draw meaningful
conclusions from our simulations. Also, an in-depth literature
review of the recent works on similar systems shows that equal
or even shorter polymer chain lengths are typically used in MD
simulations.”**** Simulations of hydrated membranes have
been performed at different (intermediate) hydration levels in
AEMSs ranging from A = 2 to 15, where 4 is the number of water
molecules per fixed ionic (quaternary ammonium) group. 2 can
be converted to water content (wt%) using eqn (1).

Ax1IE M yater
wt% H,0 = *@Xl (1)

where wt% H,O is the weight percent of water, IEC is ion
exchange capacity in mequiv g " and Mg, is the molecular
weight of water in g mol™". 1 = 0 is also used to calculate the
density of dried membranes.

2.2  Simulation details

Gromacs (version 2020-2)** was employed for all MD simula-
tions of AEMs using a leap-frog integration algorithm. We
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applied the OPLS-AA potential energy function,”” which has
previously been effectively applied to polyelectrolytes,*>**** to
define intermolecular bonded and non-bonded interaction
parameters of AEMs. The individual partial charges of atoms in
polyelectrolyte chains were assigned from DFT calculations
using Gaussian 16 with the B3LYP method and 6-31++g(d,p)
basis set, respectively.*®*” Partial charges of PPO-BTMA, as an
example, are shown in Fig. S1 and Table S1 in the ESL{ The
Particle Mesh Ewald (PME) method was employed in all runs to
describe the long-range force of electrostatic interactions
among partial charges with a cut-off distance of 1 nm. The van
der Waals particle pair interactions are also described by the
12-6 Lennard-Jones potential, with the cut-off distance set at
0.9 nm. In addition, a TIP3P water model*® was selected owing
to its fine reproduction of the diffusion coefficient. To accu-
rately recover the density of the system, long-range dispersion
and pressure corrections were applied. The LINCS algorithm
was implemented to restrain covalent bonds of hydrogen
atoms.*® Temperature and pressure are controlled using the V-
rescale thermostat at 295 K and the Parrinello-Rahman baro-
stat at 1 bar with a relaxation time of 0.1 ps and 2 ps, respec-
tively. Finally, a time step of 2 fs was applied for the overall
production run. The VMD software was used to create all
simulation visualizations.**

After the selection of appropriate methods and ensembles,
the next critical stage is choosing the system size to avoid finite-
size effects and inaccuracies of calculation. For this purpose,
identical simulations were carried out for different box sizes
with a varied number of polyelectrolyte chains, e.g., 20, 30, 40,
50, and 60 chains, and several structural and physical parame-
ters were examined (see Fig. S2 in the ESIT). Analysis showed no
specific discrepancy for the simulation boxes above 20 chains,
so the system with 40 polymer chains was selected as an optimal
system size to have a large enough system. The procedure of
relaxation and simulation of the membranes is provided in the
following section.

To construct the simulation box, 40 polyelectrolyte chains
were added to a large enough cubic box with periodic boundary
conditions in three dimensions to eliminate edge effects.*
Following that, 320 Br~ ions and an appropriate number of
water molecules depending on the defined hydration levels (4)
were dispersed randomly into the simulation box, so the system
was totally uncharged. All system compositions are reported in
Table S2 of the ESI.T The equilibration process is discussed in
detail in the ESIT (Section 3). Equilibrated cell sizes were ~6.2—
8.2 nm with roughly 24 000 to 47 000 atoms for different
hydrated membranes. It should be noted that separate simu-
lations, with 320 additional methanol molecules in each
simulation box (for all AEMs), have been performed to assess
methanol diffusion in comparison with water/ion diffusion.
Each simulation was repeated three times, and an average of the
results was reported with standard errors. Also, the last 5 ns of
all production runs are ignored for all analyses.

Using the decay behavior of the time autocorrelation func-
tion of the squared radius of gyration, we characterized the
relaxation properties of different polymer chains. The results
are provided in the ESI in Fig. S3.1 As shown in Fig. S3,f the
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squared radius of the gyration autocorrelation function drop-
ped to zero in the early times of simulation, and all the samples
show a relaxation time of less than 13 ns. These results indicate
that the relaxation process was efficient. The 100 ns simulation
time is long enough for the equilibration of the system and
provides independent configurations for averaging the desired
properties. All the samples followed a similar pattern at other
hydration levels.

2.3 Analyses

2.3.1 Static characterization. The radial distribution func-
tion gop(r) and coordination number (CN) were utilized to
characterize the structural properties and interactions of
cation-cation, cation-water, water-water, and cation-anion in
hydrated AEMs. The radial distribution function is expressed as
the probability of local distribution of particle A around particle
B as a function of distance. Coordination number (CN) provides
the total number of neighbors of a central particle of interest
within a preset distance of r. In addition, water cluster analysis
was applied to investigate the propensity of water molecules to
form a nanoscale hydrophilic channel structure. A water cluster
is defined as a hydrogen-bonded network of water molecules in
which the oxygen atom of a water molecule is synergized
together at a specified cut-off distance. In this study, this
distance is fixed at 0.37 nm, as determined by the first
minimum of gow_ow(7) of the bulk state TIP3P water model at
295 K.

A computational tool, Poreblazer (V4.0),>> has been used to
characterize the porous membrane structure. Poreblazer
provides several quantitative parameters of the porous poly-
electrolyte matrix, including Largest Cavity Diameter (LCD),
Pore Limiting Diameter (PLD), and Pore Size Distribution (PSD)
that can be utilized for hydrophilic channel characterization.
PLD and LCD are schematically depicted in Scheme 1b. For this
purpose, first, we selected several frames of dried membrane for
every 1 ns from 70 to 95 ns and reported an average of the
calculated structural parameters with standard deviation.

2.3.2 Dynamic characterization. The diffusion of small
species, e.g., water and ions in polyelectrolyte membranes, is
a complex, multifaceted atomistic-level phenomenon. To
determine the mobility of water and anions, we evaluated the
self-diffusion coefficient from the linear part of the mean
squared displacement plot using Einstein's relation in n-
dimensional Brownian motion (eqn (2)).

((r{(t) = r(0))’) = MSD(r) = 2dDt 2)

where MSD is the mean-squared displacement, D is the diffu-
sion coefficient, and d is the topological dimension equal to 3
(in our study) for three-dimensional motion.*® This equation
refers to isotropic uniform normal diffusion, where the
continuous random walk (CTRW) is a Brownian Motion (BM).
However, the anomalous diffusion behavior emerges in a highly
heterogeneous configuration where the diffusion behavior of
diffusing species deviates from a continuous regular random
walk. This is the case in polymer and porous networks.
According to our case study, in polyelectrolyte structures, water

This journal is © The Royal Society of Chemistry 2022
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and ion species always show anomalous transport behavior,
especially at very low temperatures and hydration levels, due to
steric hindrance exerted by the polymer structure and direct
interaction of water and ions with functional groups.** In
anomalous diffusion, MSD is non-linear with time. In this
regard, for a deeper understanding of the nature of diffusion
and to distinguish different forms of diffusion mechanisms,
a generic version of Einstein's equation can be expressed with
the anomalous diffusion exponent (n) as

((ri(t) — r(0))*) = MSD ~ 2dD," 3)

with n = 1 giving normal or Fickian diffusion, n > 1 indicating
super-diffusion behavior (faster diffusion than normal diffu-
sion) and 0 < n < 1 showing sub-diffusion (slower diffusion than
normal diffusion).*** Also, D, is the anomalous diffusion
coefficient (in the anomalous diffusion regime). Here, despite
the normal diffusion behavior of some cases in specific time
periods, we consider all diffusion coefficients obtained from
simulation as anomalous diffusion coefficients. In porous
structures, e.g., polymer structures, some particles of diffusive
species (here water and ions) get stuck in holes for an extended
period, giving slow diffusion termed a sub-diffusive process. To
offer a clear picture of the hydration effect on diffusion
behavior, the anomalous diffusion exponent behavior was
plotted as a function of time to demonstrate the degree of
deviation from the normal diffusion mechanism during the
simulation. The anomalous diffusion exponent is obtained
using eqn (4).

View Article Online
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3 Results and discussion
3.1 Validation of the simulations

To validate the selected force field and model membranes, we
evaluated the dry mass density and water diffusion coefficient of
hydrated membranes by reference experimental data.*® For
instance, the dry mass density of PPO-BTMA obtained from the
simulation was 1.25 g cm >, which is in good agreement, i.e.,
less than 5% difference, with the experimentally reported value
equal to 1.19 g cm >, Also, the theoretical diffusion coefficients
of water showed a similar trend in the range of the defined
hydration levels. Density and diffusion data of experiments and
simulations are provided in ESI Tables S3 and S4.1 Therefore,
the simulations are validated for further analysis based on the
density and simulated diffusion results.

3.2 Effect of the side-chain extender and hydration level

3.2.1 Radial distribution function and coordination
number of the ionomer, water, and anion. Polyelectrolyte
membranes can modulate their structural architecture as
a function of hydration level. On the other hand, the distribu-
tion of quaternary ammonium groups is an essential factor
controlling nano-phase segregation and water channel forma-
tion in the PPO-QA. This issue is explored by using the pair
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distribution function (gn_n(7)) and coordination number (CN) of
QA at different hydration levels for membranes with different
alkyl extender lengths (n = 0, 6, 10, 16). Fig. 1a illustrates the gn_
n(7) and CN of PPO-BTMA at different hydration levels. It has
been clearly shown that the gx_n(7) has two distinct peaks at A =
5: the first peak at =0.64 nm and the second at =0.85, which
decrease in height, shift toward more distant positions and
merge into a single weaker peak at A = 15. Due to the hydro-
philic nature of QA, water molecules tend to solvate it. There-
fore, by increasing the number of water molecules per N*
(increase in 1), more water molecules are available to push
cationic groups towards more distant positions. The correlation
between N' cationic groups is similar for all membranes as
hydration increases, while the second peak is more pronounced
for PPO-QC16 indicating more distant cationic groups due to
the greater steric hindrance exerted by the long alkyl extender
around QA that maintains N-N pairs farther apart (see Fig. S4 in
the ESIT). Also, the CN plot shows that in PPO-BTMA, at least
one neighboring N* group exists at a distance of =0.67 nm at A
= 5. However, this distance increased to =0.81 nm at A = 15.
The same trend was also found for the others, with the distance
between the neighboring groups for PPO-QC16 increasing from
~0.75 nm to =0.85 nm at A = 5 and A = 15, respectively (Fig. S4
in the ESIY).

We investigated the radial distribution function of the N-Ow
(water molecules), gn-ow(r), and CN to study the structure of
water channels and solvation of the N* cationic groups in water
(Fig. 1b). For all hydration levels, gn_ow(r) for PPO-BTMA
exhibits pronounced peaks commonly at =0.45 nm and
~(0.74 nm, which correspond to the first and second hydration
shells surrounding the cationic group. Furthermore, when
hydration increases, the peak height decreases owing to the
solvation effect, as more water molecules seek to wet cationic
groups. In addition, based on CN, the average number of water
molecules around cationic groups increases from =~8.5 to =18
as hydration increases from A = 5 to A = 15. A similar trend but
with elevated peaks was observed for the other membrane with
the increase in side-chain length, especially for PPO-QC16. The
higher peaks at the same hydration levels are attributed to the
stronger interaction between water molecules and QA. Steric
hindrance exerted by the long side-chain extender holds water
molecules near cationic groups for a more significant period
and, on the other hand, fewer water molecules stand for longer
times near cationic groups because of hydrophobic side-chain
hindrance (Fig. S4 in the ESIT).

By using the radial distribution function of oxygen (water)-
oxygen (water) (gow-ow(7)) and CN, we investigated the internal
structure of water molecules at different hydration levels to
study the water molecule's mutual tendency (Fig. 1c). As is
evident, first, a distinct peak is observed at =0.27 nm for the
PPO-BTMA membrane, which is ascribed to the first hydration
shell of the water molecule around each water molecule.
Second, CN increases with an increase in water content due to
the solvation effect and overall packing of water molecules.
Other membranes exhibited the same behavior but with
a sharper peak height for membranes with longer side-chains
(e.g., PPO-QC16) at constant hydration. This is attributed to
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more separated water molecules in the membrane network
which shows that each water molecule holds fewer water
molecules around itself (Fig. S4 of the ESIT).

Anion transport is another essential aspect controlling
membrane efficiency. To further look into this, we analyzed gn-
er(7) and CN to study the correlation between cationic quater-
nary ammonium and Br~ ions. As shown in Fig. 1d, at A = 5 for
the PPO-BTMA membrane, the first strong and second weak
peaks emerged at =0.45 nm and =0.75 nm, respectively. An
increase in hydration decreases peak height. It shifts it to
a more distant position from =0.45 nmat A =5 to =0.50 nm at
A = 15, indicating that additional water molecules weaken
electrostatic interactions between the cationic group and
anions and move them to farther distances. This trend is
comparable to that in other membranes; however, the first peak
heights are stronger than those of other membranes in PPO-
QC16 (see Fig. S4 in the ESIT), indicating that cationic groups
and Br~ ions have stronger electrostatic interaction again due to
the presence of the alkyl side-chain extender that holds and
hinders anions from moving from one cationic group to
another.

3.2.2 Water cluster and hydrophilic pathway. It has been
proven that the formation of an optimum hydrophilic structure
can improve ionic mobility and conductivity.”” Water molecules
are inclined to form clusters with the increase in hydration
level, which is a determining factor in constructing a uniform
hydrogen-bonded water network for water and ion transport.

We analyzed the number of clusters and cluster percolation
thresholds to learn more about the hydrophilic channel nano-
structure. Fig. 1e shows the number of clusters as a function of
water content in different membranes. As shown, ate.g. 1 = 5,
small clusters of water molecules are entirely isolated. With the
increase in hydration level in all membranes, water clusters
grow and draw closer to each other, forming larger branches at
high hydration levels. Accordingly, the number of clusters
decreases. The PPO-BTMA membrane shows a smaller number
of clusters at the same hydration level than other membranes.
As discussed in Fig. 1c, fewer water molecules cover each other
in the membrane with the largest side-chain extender resulting
in smaller cluster size. Hence, to gain more insight into the
formation of percolated water channels and the effect of
quaternary ammonium position, we analyzed the normalized
cluster size to study the percolation threshold of the water
cluster:

Normalized cluster size
largest cluster size

= (5)

whole number of water molecules in the box

Here, the normalized cluster size is used to estimate the
function of water molecules that form the largest hydrogen-
bonded water network. A similar trend to the number of clus-
ters is observed for other membranes. As shown in Fig. 1f, about
2% of water molecules in hydrated membranes belong to the
largest cluster at very low hydration levels. All the membranes
show substantial growth in cluster size at increasing hydration
levels such that, at A = 5, nearly 83% of water molecules belong
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to a single cluster in the PPO-BTMA membrane. In comparison,
this number is less than 70% for the others. This trend
continues up to A = 10, where an almost complete hydrogen-
bonded water cluster forms in PPO-BTMA and other
membranes reach close to the percolation line at higher
hydration levels. This means that forming a percolated water
network depends on the water content and side-chain extender
length.

To better visualize the water network morphology, typical
simulation box snapshots of hydrated PPO-BTMA at different
hydration levels are shown in Fig. 2a. These snapshots provide
a nanoscale picture of water clustering inside the membrane,
similar to the pictures that can be provided by cryogenic
transmission electron microscopy (cryo-TEM)*® and X-ray
computed tomography (CT)* tools for hydrated membranes.
It can be observed that small isolated clusters are distributed
into the polymer matrix at the lowest water concentration, A = 5.
As the hydration increases up to A = 15, small clusters grow, and
the hydrophilic network is more interconnected, providing
a fully developed hydrophilic domain for water and ion
transport.

In what follows, we examine several geometrical factors
contributing to water and anion diffusion, e.g., PLD, LCD, and
PSD, as discussed in our recent work** to further understand the
water channel evolution in the polymer matrix function of water
content and polymer architecture.

(a)
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As previously stated, water molecules move from one pore to
the next while passing through bottlenecks. The bottleneck size
highly depends on water content and thermal fluctuations of
polymer chains.®® PLD, the water channel bottleneck, is a crit-
ical diameter for water and ion diffusion. If PLD is larger than
the water or Br~ ion diameter, water and ions can pass from one
pore to the next in cationic exchange membranes.”* Here, to
trace the geometry of pores for water and anion diffusion, we
defined PLD based on the selected water model and Br~ ion
diameter, i.e., =0.31 nm and =0.39 nm, respectively. As shown
in Fig. 2b, the PLD of all membranes is far less than the critical
diameter both for water and anions before A = 8. But, PLD
increases as hydration increases such that all membranes,
except PPO-QC16, cross the PLD line of the water molecule at A
= 10, even though they are still smaller than the ion size. This
means that Br~ ions cannot freely move through all pores in the
membrane.

Finally, all membranes pass the PLD line of the ion at A = 15.
Results for water are perfectly consistent with the number of
clusters and normalized cluster size analyses, indicating that
when PLD goes over the critical line, a noticeable shift in water
channel structure occurs.

LCD is another critical parameter determining the
maximum pore size in a heterogeneous polymer network. As
shown in Fig. 2c, LCD increases in all membranes as water
content rises so that all membranes have the largest LCD at A =
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Fig. 2

(a) Cross-section snapshots of hydrated PPO-BTMA membranes at A = 5, 10, and 15. The polymer chain is dark gray, Br™ is indicated in

orange, and the cyan surface represents water regions. (b) Pore limiting diameter (PLD) as a function of hydration levels. (c) Largest cavity
diameter (LCD) as a function of hydration levels. (d) Pore size distribution (PSD) for PPO-BTMA at different hydration levels.
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15. This is attributed to the more extended polymer network
because of higher water content. The similar trend of PLD and
LCD as a function of hydration shows that the membrane's pore
and bottleneck diameters grow with a more or less identical
underlying process.

PSD is the final structural feature we wish to discuss to give
a complete picture of the hydrophilic channel width distribu-
tion occupied by water and anions in a disordered polymer
structure. Porous network transport properties are governed by
the PSD and how pores are topologically structured, completing
our diffusion picture in polymer membranes. The PSD variation
of the PPO-BTMA membrane at different hydration levels is
presented in Fig. 2d. A single narrow peak associated with the
largest pore size exists in the heterogeneous structure, ie., at
0.33 nm for A = 5, which broadens in distribution and moves to
farther distances with increasing water content, reflecting the
presence of larger pores with different distribution forms in the
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structure. Similar trends are observed for other membranes
(Fig. S5 in the ESIt). Increased hydration broadens the PSD and
improves pore connectivity. It should be noted that in real
applications, the chemistry and architecture of the polymer
determine the amount of water taken up.®* Thus, the hydration
level cannot be selectively adjusted under real conditions as is
done in simulations. However, our selected range of hydration
levels spans a typical range of hydration levels for this class of
membranes.*®?*°*% Thus, the morphological parameters of the
hydrophilic pathway of membranes at their actual (and experi-
mentally obtained) hydration level are accessible in the data
shown in Fig. 2b-d.

3.2.3 Dynamic characterization. The primary role of the
present study is to explore the diffusion behavior of water and
ions as a tool to guide the design of AEMs with a tailored
structure. The main mechanisms of diffusion have been studied
in Section 2 in detail. It has been proved that the diffusion
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Fig. 3

(a) MSD of water in PPO-QC16 at different hydration levels, (b) experimental diffusion coefficient® and anomalous diffusion coefficient of

water in hydrated membranes obtained from simulation, (c) anomalous diffusion coefficient of anions in hydrated membranes, (d and e) the
trajectory of a single water molecule, respectively, at A = 5and A = 15, (f) residence time of water near cationic groups at various hydration levels,
and (g) anomalous diffusion coefficients of water, (h) the Br~ ion and (i) methanol as a function of PLD.
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coefficient in polymers follows a concentration-dependent
behavior.*»** Therefore, in the current section, we investigate
the effect of water content on transport behavior in PPO-QA
membranes with different side-chain sizes. Fig. 3a presents
the MSD of PPO-BTMA at different hydration levels. It turns out
that MSD curves follow a linear pattern, with the slope
increasing significantly as the hydration level rises. This curve
gives information about the high dynamics of the water mole-
cule as a function of water content. MSD of PPO-BTMA shows
a steeper slope than PPO-QC16 (Fig. S61) at the same A. This is
attributed to the well-developed hydrophilic channel structure
in the PPO-BTMA membrane compared to PPO-QC16 justifying
fewer barriers and higher mobility of water molecules as also
hypothesized in experimental studies.*® The anomalous diffu-
sion coefficient D, of water is determined from the linear regime
of the MSD curve® and shown in Fig. 3b. As shown, D, of water
increases at elevated hydration levels. Also, D, of Br~ ions is
presented in Fig. 3c. The same trend is observed for D, of ions;
however, D, of ions is, on average, five times smaller than that of
water molecules at the same hydration levels, which is attrib-
uted to the different sizes and electrostatic interactions of water
and anions with the ionomers.*® The diffusion coefficient of
methanol is also available in ESI Fig. S7.}

It has been proven that both water and ions show anomalous
subdiffusion behavior in the polymer matrix.®**® To gain
a better insight into the transport behavior of water in PPO-QA
membranes, we determined the anomalous diffusion exponent
of water as a function of water content. Fig. S8a in the ESIT
presents the anomalous diffusion exponent of water in the PPO-
BTMA membrane at different hydration levels. As shown,
anomalous diffusion exponents increase as time elapses.
However, at A = 5, the diffusion of water molecules in the
membrane reveals anomalous subdiffusion characteristics with
no apparent indicators of approaching the normal diffusion (n
= 1). This behavior is attributed to the high tortuosity and
isolated water clusters in polymer membranes preventing water
molecules from being freely transported in water channels. At
increasing hydration levels, the anomalous diffusion exponent
comes closer to unity, where the water molecules may reach
a diffusive limit (Fickian diffusion). However, the PPO-QC16
membrane follows a poor scenario, as shown in Fig. S8 of the
ESI,} indicating that an anomalous diffusion exponent is more
distant from the unity line even at long simulation times. It can
be concluded that, as hydration increases and a well-developed
water network forms, the transport behavior is less sensitive to
the interaction of water and charged groups mediating normal
diffusion. Another critical parameter is polymer proportion and
chemical structure. Water diffusion in neutral polymers
revealed that the strength of water molecule trapping in the
polymer matrix could delay normal diffusion behavior to more
extended periods, which are not usually accessible in MD
simulations.®”®

To understand the origin of the non-Fickian behavior, a 10
ns single water trajectory at A = 5 and A = 15 in PPO-BTMA is
shown in Fig. 3d and e. It can be seen that, at A = 5, the
trajectory of water molecules is more restricted at specific
locations for a while and they jump to the next site, which is

This journal is © The Royal Society of Chemistry 2022
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consistent with the reported jump-diffusion mechanism of
water at low hydration levels.”” We hypothesize that these
locations are isolated water clusters in which water molecules
hop from one to the next due to temperature fluctuations. At A =
15, on the other hand, the water molecules are more randomly
distributed, and continuum mobility makes a significant
contribution. Water molecules and ions have more freedom to
traverse continuously along the polymer matrix.

To evaluate the influence of side-chain length on anomalous
diffusion behavior, we measured the local residence time of
water molecules near QA. Residence time relates to how long
(on average) water molecules reside in the preset radial cut-off
region around cationic groups. Using the radial distribution
function, we set this cut-off to =0.61 nm, which corresponds to
the first hydration shell radius around QA groups and is esti-
mated by the first minimum of gx_ow(r). The method of deter-
mining residence time is described in the ESI{ (Section 10).
According to Fig. 3f, all the membranes follow a decreasing
trend as the hydration level increases. For instance, water
molecules spend on average 1620 ps in the first hydration shell
of the cationic groups in PPO-BTMA, while this time is 1866 ps
for PPO-QC16 at A = 5. This time decreases to 555 ps for PPO-
BTMA and 812 ps for the PPO-QC16 membrane at A = 15.
Also, other membranes follow a moderate behavior.

Last, we summarize the discussion in this section by corre-
lating water, ion, and methanol diffusion with PLD. PLD-D, data
for all the membranes that have been studied so far are shown
in Fig. 3g (D, of water molecules), Fig. 3h (D, of Br™ ions), and
Fig. 3i (D, of methanol molecules). The trends of both water and
ion-related graphs are in full agreement with the hypothesis put
forward for CEMs in a previous work:"* the critical role of PLD in
controlling the diffusion coefficient of water and anions. This
agreement shows that the morphology of the hydrophilic
pathway plays a crucial role in maintaining ion transport for
both CEMs and AEMs in a similar way.

As noted by other studies,” methanol cross-over in AEMs has
a detrimental effect on fuel cell performance; hence, one of the
key roles of ion exchange membranes is to hinder the methanol
cross-over. Thus, we studied methanol diffusion in similar
systems but containing additional methanol molecules. As
shown in Fig. 3i, a similar behavior was observed for the PLD-D,
plot of methanol showing increased methanol diffusion coeffi-
cients as PLD crosses the critical value (an approximate meth-
anol diameter is 0.36 nm (ref. 71)). According to this finding,
methanol cross-over through the membrane increases as the
hydrophilic channel width increases, in a manner that is
comparable to that of water and ions.

We showed that increasing the hydration level significantly
enhances the ion transport properties due to the formation of
a more uniform and interconnected hydrophilic pathway. We
also successfully examined the quantitative parameters in
describing hydrophilic pathway morphology and correlated
them to the water/ion diffusion coefficient for PPO-QA
membranes. Moreover, we showed that alkyl side-chain
extenders hinder water/ion transport through membranes, as
evidenced by experiments.*® However, we proved that this is due
to the morphological changes in the hydrophilic pathway so
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that alkyl side-chain extenders isolate QA groups from the water
network, which results in isolated water clusters. On the other
hand, when PLD rises, the methanol diffusion coefficient rises
as well, which may restrict the performance of the membrane at
very high hydration levels.

3.3 Effect of QA position on the alkyl side-chain

In this part, we aim to discuss the effect of the QA position, i.e.,
near the backbone, in the middle, and at the end of the alkyl
side-chain, on the morphological and anion transport proper-
ties of the membranes. Note that PPO-QC16 represents a poly-
mer with QA attached to the polymer backbone, PPO-C8QC8
represents a polymer with QA placed in the middle, and PPO-
C16Q represents a polymer with QA at the end of the alkyl
side-chain.

First, we analyzed gn.n(r) and gn-ow(r) to investigate the
hydrophilic channel structure of various membranes. As shown
in Fig. 4a and b, PPO-QC16 and PPO-C8QC8 show similar gy
n(r) and gn_ow(r), while N in PPO-C16Q shows a much stronger
interaction with other QA and water molecules. The position of
N at the end of the alkyl side-chain results in pulling this group
towards the water phase and placing more N* groups at the
polymer-water interface, as also discovered by SAXS analysis
previously for similar membranes.*>** Furthermore, the average
number of water molecules around QA, the CN in PPO-QC16
and PPO-C8QC8 membranes (Fig. 4b), is less than 1 (e.g., CN
= 13 at A = 15), suggesting that some QA groups are located
inside the polymer phase. However, in PPO-C16Q membranes,
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CN = 16.8 and larger than 1 = 15, implying that more QA is
placed at the interface of the polymer and water. However, the
typical simulation box snapshots shown in Fig. 4c suggest that
the QA position has a negligible impact on the nano-phase
separation between the polymer and water in the membranes.

We further analyzed the number of clusters of different
membranes at A = 15. As shown in Fig. 5a, the decrease in the
number of clusters is also negligible as cationic groups move to
the end of the alkyl side-chain. To quantify the hydrophilic
pathway characteristics, we also looked at the PLD, LCD, and
PSD of different membranes (Fig. 5b and c). As shown, they
remain approximately constant with changing the position of
the QA on the alkyl side-chain as well, which is in agreement
with the qualitative perception of the hydrophilic membranes
from Fig. 4c. We also analyzed the polymeric phase of the
membrane by removing all polymer molecules and anions from
the simulation box and calculating the PSD, this time for the
polymeric phase. As depicted in Fig. 5d, the polymer region size
distribution also shows no considerable change as the position
of the QA is changed.

Therefore, these results confirm that the morphology of the
membrane is more or less insensitive to the position of QA in
a fixed side-chain length.

As shown in Fig. 5b, the hydrophilic channel width of the
three membranes at A = 15 is larger than that of all three
diffusing species based on their previously mentioned sizes (i.e.,
water = 0.31 nm, Br~ ion = 0.39 nm, and methanol = 0.36 nm).
At the same time, the channel width is kept more or less
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constant by moving QA towards the end of the side-chain in
similar membranes. As shown in Fig. 5e, the diffusion coeffi-
cients of the ion and water show a considerable enhancement
as the QA group is moved towards the end of the side-chain.
This is totally in line with a recent study,*® which reported
enhanced ion mobility while the water channel width was found
to be constant. Also, according to experimental studies,”” an
increase in QA mobility inside the water channel could enhance
the anion transport in the membrane. Therefore, we calculated
the MSD of N' in all membranes (Fig. 5f). Substantial growth is
observed for MSD of N' in the PPO-C16Q membrane as
compared to the others, which is consistent with the sugges-
tions from similar simulations and experimental results indi-
cating that longer alkyl spacer chains are more flexible and
enhance QA mobility.***® As the dynamics of N* increase, more
water molecules become available to N¥, as also shown in
Fig. 4b, enhancing water channel formation and increasing
water and anion diffusion. Also, the anomalous diffusion

This journal is © The Royal Society of Chemistry 2022

exponent result (see Fig. 52) suggests that PPO-OC16 and PPO-
C8QC8 membranes show very similar behavior. In contrast, for
PPO-C16Q, water diffusion showed a closer-to-normal diffusion
behavior in shorter simulation times. In addition, the residence
time of water and anions near QA groups (Fig. 5h) confirms our
previous finding. An increase in the mobility of N* decreases the
residence time of the water/ion and facilitates their transport
across the hydrophilic pathway. Thus, our study shows that
moving the position of QA to the end of the alkyl side-chain
enhances the anion transport but through a completely
different mechanism. The hydrophilic pathway remains more
or less similar, while the transport rate of the anion in the
hydrophilic pathway is considerably enhanced as a result of the
increased mobility of QA groups. In other words, our results
suggest that while the morphologies of the membranes are
similar, the longer spacer for QA groups results in a quicker
hand-to-hand transport of anions due to the faster dynamics of
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QA and shorter residence time of anions close to QA groups in
the hydrophilic pathway.

We also computed the diffusion coefficient of methanol for
the three systems and our models show that it remains almost
constant (Fig. 5¢) despite the significant enhancement in the QA
mobility (Fig. 5f). This is probably attributed to the less polar
nature of methanol as compared to water and the Br~ ion and
accordingly weaker methanol-QA interaction so that the
enhanced mobility of the pendant QA group does not affect the
diffusion rate of methanol molecules in the channels. This is an
interesting observation since it shows that one could enhance
the ion conduction of these membranes by improving the QA
group mobility while the methanol diffusion remains constant.
This suggests that PPO membranes with pendant QA have
a better ion/methanol selectivity as compared to PPO
membranes without pendant QA.

4 Conclusion

In the current study, we conducted molecular dynamics simu-
lations for hydrated PPO-QA-based AEMs to investigate the
structure-diffusion relationship between them. The first aim of
this work was to examine whether hydrophilic pathway
morphology characteristics, ie., PLD, LCD, and PSD, as
described in ref. 11 for CEMs, are valid in describing the ion
transport behavior of AEMs as well. We showed that the afore-
mentioned characteristics are fairly able to describe the diffu-
sion behavior of several PPO-QA membranes while the position
of QA is fixed close to the polymer backbone. However,
changing the position of QA on a long alkyl side-chain at
constant hydration results in a significantly enhanced anion
diffusion while the hydrophilic pathway morphological
parameters remain almost constant. We showed that longer
spacers for QA enhance the anion mobility in the water chan-
nels, thus affecting diffusion behavior by increasing the anion
transport rate in the hydrophilic channels through enhanced
QA dynamics but they have a negligible effect on the hydrophilic
pathway morphology. Therefore, our findings suggest a two-
stage strategy for designing polymer structures to be used as
PPO-QA membranes: the polymer backbone in conjunction
with the hydration level of the membranes determines the
hydrophilic channel morphology while the QA spacers can tune
the residence time and speed of anions in those channels. We
also show that unlike polymer backbone modifications and
increasing the hydration level (which increase ion and meth-
anol diffusion more or less similarly), using a QA spacer does
not increase the methanol diffusion rate despite the significant
enhancement in ion mobility in the water channels. This is of
great importance in the design of AEMs used for fuel cells in
which the improvement in ion diffusion and controlling the
methanol cross-over at the same time is a key requirement. It is
worth emphasizing that our study puts forward a new meth-
odology for assessing the effect of many material design strat-
egies, like inclusion of nanoparticles, on the ion transport
enhancement of IEMs to evaluate how they affect the hydro-
philic channel morphology or ion transport rate in the
channels.
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