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Abstract

This study investigates the influence of spacer
length within anion exchange membranes
(AEMsS) on their diffusion properties. Using re-
active molecular dynamics with ReaxFF', three
polyphenylene oxide (PPO) based AEMs func-
tionalized with trimethylamine (TMA) cationic
groups at two hydration levels (A = 10 and 20)
have been simulated at the molecular scale
through three alkyl spacer chains lengths :
methyl (PPO1-TMA), pentyl (PPO5-TMA)
and decyl (PPO10-TMA). Our simulations cap-
ture the nanophase separation due to the am-
phiphilic nature of simulated materials, where
water channel emerges to enable OH trans-
port through Grotthuss and classical mecha-
nisms. We find that the number of hydrogen
bonds formed between OH and H,O molecules
is a key-parameter governing diffusion prop-
erties of OH . At the lower hydration level,
PPO1-TMA has the lowest diffusion properties,
whereas PPO5 and PPO10-TMA membranes
show the same diffusion, because pentyl and
decyl spacers bend and remain stuck on the
backbone because of their hydrophobicity. At
the higher hydration level, the three membranes
exhibit identical diffusion properties, irrespec-
tive of their spacer length, as OH molecule

approaches its bulk-like behaviour.

1 Introduction

Fuel cells (FCs), which aim to convert chemical
energy of a fuel to electric energy, have been
considered as an alternative to the use of fos-
sil fuels in the context of environmental pol-
lution, greenhouse gas emission and a sustain-
able future.'® FCs?! are able to provide electric-
ity with zero emission, high energy conversion
and to release water when hydrogen is used as
the fuel. Actually, there are several kinds of
FCs!*5 distinguished by the nature of the elec-
trolyte. Alkali fuel cells (AKFCs) use gener-
ally a solution of potassium hydroxide as the
liquid electrolyte whereas a phosphoric acid so-
lution constitutes the electrolyte in phosphoric
acid fuel cells (PAFCs). Molten carbonate fuel
cells (MCFs) use an electrolyte composed of a
molten carbonate salt mixture whereas solid ox-
ide fuel cells (SOFCs) have solid oxide or ce-
ramic electrolytes. As the electrolyte layer is
formed by a polymer membrane, the fuel cell
is known as polymer electrolyte membrane fuel
cell (PEFC). In anion exchange membrane fuel
cells (AEMFCs), the polymer enables the con-
duction of hydroxide anion whereas in proton
exchange membrane fuel cells (PEMFCs), the



polymer membrane is designed to conduct H"
protons.

In these last years, considerable activity of re-
search has been devoted to improving the per-
formance of polymer electrolyte fuel cells due to
high expectations in the field of powering auto-
mobiles.® However, manufacturing costs are the
main factor that limits their worldwide com-
mercialization.™® As a result, anion exchange
membranes (AEMs) have been the source of
more and more attention since they offer new
options in terms of electrochemical kinetics of
the oxygen reduction reaction in alkaline me-
dia, use of non-precious metal electrocatalysts,
choice of fuels and minimization of the corro-
sion problems in the alkaline environment.?%°

In contrast to PEMFCs, AEMFCs operate in
alkaline conditions and oxygen reduction gives
OH ions at the cathode that are transported
through a solid PEM to the anode. The hy-
droxide anions react then with the fuel to pro-
duce water and electrons. One of the great-
est challenges for this technology!! concern the
development of new AEMs that combine high
hydroxide conductivity with a long-term chem-
ical stability in alkaline conditions. However,
AEMs show lower ionic conductivity as com-
pared to the reference Nafion PEM due to the
intrinsic lower mobility of OH ions. Addition-
ally, AEMs are likely to absorb CO, from the
ambient air and form bicarbonate and carbon-
ate ions reducing then the ionic conductivity 2
and affecting the performance. As a result, the
challenge consists of designing AEMs that per-
form in ion-exchange capacity, OH conductiv-
ity, chemical and mechanical stabilities while
providing a suitable water uptake'®>'* and a
moderate swelling ratio.!®

AEM is typically composed of a polymer
backbone onto which fixed cationic sites are
tethered. A variety of polymers?®161® such as
poly(vinyl alcohol) (PVA), poly(ether ether ke-
tone) (PEEK), poly(ether ether ketone ketone)
(PEEKK), poly(tetrafluoroethylene) (PTFE),
poly(2,6-dimethyl-1,4-phenyleneoxide) (PPO)
and many others have been proposed to de-
sign AEMs. These polymers have been func-
tionnalized with various cationic groups such
as quaternary ammonium, tertiary diamines,

guanidinium, and pyridinium.!*2? Quaternary
ammonium (QAs) are the most popular due to
their promising ionic conductivity and ease of
synthesis!® and PPO polymers opens up nu-
merous opportunities for the development of
AEMs with targeted properties.?* PPO also
shows good mechanical properties, high chemi-
cal and thermal stability in alkaline conditions.

An increasing ionic conductivity can be im-
proved by favoring the hydrophilic/hydrophobic
microphase separation. By playing on the hy-
drophobic parts, it is possible to build larger
ionic clusters which are at the origin of the
formation of interconnected ionic channels and
which help the ionic transportation. The struc-
tures of the polymer backbone and the cationic
headgroups as well as their interactions are crit-
ical to form AEM microphase.>!® Instead of at-
taching QA groups in benzylic positions on the
PPO polymer backbone, previous works?*2°
have shown that it is possible to attach them
via an alkyl spacer chain leading to a high local
mobility of the cationic groups. The result-
ing AEM shows an efficient phase separation
and enhanced ionic conductivity. The side-
chain functionality has also been investigated to
achieve highly conductive AEMs.!” The impact
of crosslinking and nature of the crosslinkers
were studied on the physicochemical, morpho-
logical and electrochemical properties of the
crosslinked PPO membranes. 26

In addition to design and synthesis, the
characterization of the AEMs was carried out
mainly from an experimental point of view
by wusing various techniques including, but
not limited to, UV-visible spectroscopy, X-
ray powder diffraction, Fourier-transform in-
frared spectroscopy, small angle X-ray scatter-
ing, NMR spectroscopy, and thermogravimetric
analysis, conductivity measurements and ten-
sile tests.5%182325 Given the challenges posed
by AEMs in terms of synthesis, characteriza-
tion, in-depth understanding of the structure-
properties relationships, ionic transport, hydra-
tion, formation of ionic channels it is clear that
molecular simulation?” can be a powerful and
essential technique. However, the diversity of
length and time scales underlying the proper-
ties of AEMs raises the question of the compu-



tational effort and therefore the choice of the
most adapted method for calculating the prop-
erty. 111428739 Tt is impossible for a single simu-
lation method to cover the entire spectrum of
spatial and temporal scales. For instance, if
we are interested in investigating the segrega-
tion in polymer membranes, the most suitable
strategy is to combine the use of coarse-grained
models?*3%40 with genuine mesoscopic simula-
tions techniques. 3133373841743 Qimylations with
molecular descriptions were used to investigate
the transport of OH trough the vehicular dif-
fusion? and the impact of the hydration state
on the structure at the nanoscale.3%3%45 If the
aim is to tackle the diffusion process through
the Grotthuss hopping mechanism*® or phe-
nomena such chemical stability and degrada-
tion that can lead to bond breaking and bond
formation, it is then required to replace the non-
reactive force field used in non-reactive molec-
ular dynamics (MD) by a reactive model. Even
if other simulation methods such as ab initio
MD (AIMD),*" hybrid quantum mechanics /
molecular mechanics (QM/MM),%49 charged-
optimized many-body (COMB) potential®® are
able to consider chemical reactions but only
for small system-sizes, the use of the reac-
tive force field (ReaxFF) remains a promising
route for studying Grotthuss mechanism of hy-
droxyl groups in membranes since this model is
much faster than quantum calculations. A very
promising methodology®' consisting in design-
ing a machine learned force field has been suc-
cessfully applied to an perfluorinated ionomer,
Nafion, in order to investigate the structural
and proton transition transport properties in
various humidified conditions.

Actually, the ReaxFF force field,*® firstly
proposed by Van Duin et al. in 2001 for
hydrocarbon systems®® has been extended
to various systems and properties® %' along
with different reparametrizations.3*%2%* MD
simulations associated with the ReaxFF
force field were performed to investigate
the diffusion of hydroxide anions and wa-
ter molecules for three functionalized PPO-
trimethylamine, PPO-dimethylbutylamine and
PPO-dimethyloctylamine.?® Another reactive
simulation®® was carried out on a PPO-polymer

functionalized with two different structures of
QA groups in order to investigate the contribu-
tions of vehicular and Grotthuss mechanisms in
hydroxide motion. Material designers have sev-
eral levers at their disposal to tune conduction
properties, including spacer length, steric hin-
drance and/or chemical nature of the cationic
group and ion exchange capacity (IEC). It is
then possible to monitor and control the role
of these levers on a molecular scale by devel-
oping simulations on this scale. In this work,
we propose to study the transport properties
of diffusive species, namely water molecules
and hydroxide ions in PPO functionalized with
QA containing alkyl chains by applying reac-
tive molecular dynamics simulations. We focus
on the impact of the number of spacer units
in-between the QA group and the polymer
backbone on the transport of hydroxide anions
in PPO-TMA AEMs.

The paper is organized as follows. Section
2 contains the composition of the simulated
AEMs, the description of the molecular model.
The results and discussions are provided in Sec-
tion 3. We conclude this work in Section 4.

2 Computational proce-
dures and methodology

2.1 Description of the systems

Three hydrated functionalized polyphenylene
oxide (PPO) based AEMs and a bulk KOH
solution were modeled. Spacers are made of
alkyl chains ended with trimethylamine (TMA)
cationic groups. Three spacer lengths rang-
ing from methyl-TMA to decyl-TMA including
pentyl-TMA were chosen. For clarity, we will
denote the shorter spacer length PPO1-TMA,
the intermediate spacer length PPO5-TMA and
the longer spacer length PPO10-TMA. The
chemical structures are represented in Figure 1.
H atoms were added at the end of polymer
chains, x was set equal to 1 and y equal to 3
for all membranes leading to equivalent weight
(EW) of 540, 595 and 665gmol " for PPO1-
TMA, PPO5-TMA, PPO10-TMA, respectively.
EWs correspond to the dry polymer molecular



mass divided by the number of cationic groups.
Those values match experimental systems stud-
ied in Ref. 65 (PPO1-TMA and PPO5-TMA
only) whose Ion Exchange Capacity (IEC where
[EC = 1000/EW) are approximately equal to
1.67 (PPO1-TMA) and 1.90 (PPO5-TMA).

—HO O
z v 10

(a)

CHjs (b)
CHjs (c)

CHs (d)

Figure 1: a) Molecular structures of the simu-
lated PPO polymer unit and of the QA groups
formed by b) a carbon chain methyl, ¢) a pentyl
chain and d) a decyl chain and ended with a
TMA group.

Each simulation box was built with a ran-
dom morphology using the Amorphous Builder
of MedeA software% with 25 polymer chains.
Two hydration levels, described by the param-
eter A\, were chosen: 10 and 20. A is the num-
ber of water molecules per hydroxide ions, i.e.
A = n,0/non-. These hydration levels are typ-
ically observed in PPOs tethered with flexible
cationic alkyl side chains with different combi-
nations of spacer units and extender chains.?*??
We simulated these systems at room tempera-
ture under the same conditions as the previous
reactive molecular simulations.?%36:62 KOH so-

lutions were also modeled. This allows us to
study more precisely the impact of confinement
induced by the polymer host matrix on diffu-
sive species, i.e., OH ions. Those reference
systems were built to match the number of wa-
ter and OH molecules, and K ions were used
as counter ions. In what follows, free OH cor-
responds to a KOH solution. The summary of
simulation boxes is presented in the Table 1.
Five independent simulation boxes were created
for each system and each hydration level in or-
der to estimate the statistical fluctuations of
simulated properties. Table 1 also emphasizes
that the system-sizes of AEMs investigated in
this work in terms of number of chains, chain
length and corresponding number of hydrox-
ide ions and water molecules are much larger
than those studied by previous reactive molec-
ular dynamics simulations. 283662 Size effects in
these heterogeneous systems are thus expected
to be weakened.

Table 1: Description of simulated sys-
tems in terms of number of molecules and
atoms in the simulation box where 7cpains,
NOH s NMH,0, Natoms refer to the number
of polymer chains, hydroxide ions, wa-
ter molecules and atoms in the simulation
cell, respectively.

A Nchains NoH~ nH,0 Matoms
PPO1-TMA

10 25 250 2500 28050

20 25 250 5000 35550
PPO5-TMA

10 25 250 2500 31050

20 25 250 5000 38550
PPO10-TMA

10 25 250 2500 34800

20 25 250 5000 42300

Free OH"
10 250 2500 8000
20 250 5000 15500



2.2 Non-reactive molecular dy-
namics

Before starting reactive MD simulations, non-
reactive MD simulations were performed to
generate relaxed systems which will then be
simulated with the reactive force field. Indeed,
this option is faster than a full reactive relax-
ation protocol because reactive MD is more
time consuming than non-reactive MD. More-
over, unwanted reactions such as degradation of
AEMs® could happen during high temperature
steps if only reactive MD was used. Systems
were first modeled using the Polymer Consis-
tent Force Field-enhanced (PCFF, ), which is
an enhanced version of PCFF developed by
MedeA software.%® It mostly contains addi-
tional impropers and torsional terms in order
to accurately describe properties and geome-
tries of organic molecules. In order to control
temperature and pressure, the Nosé-Hoover
thermostat and barostat®% were used with a
damping factor of 100 dt for the thermostat and
1000 dt for the barostat. The cutoff radius was
fixed to 12 A. Coulombic interactions were han-
dled using PPPM solver ™ with a precision of
10~%. Equations of motion were integrated us-
ing the standard velocity-Verlet algorithm, and
periodic boundary conditions were applied in
the three directions of space. Non-reactive MD
simulations were conducted with the LAMMPS
software. ™!

To generate the initial configurations for reac-
tive MD, we used the same relaxation protocol
as in our previous study.?® This relaxation
scheme is based on the one used by Gilois et al.
in Ref. 72, based itself on a protocol described
in Ref. 73. The protocol is described in Section
1 of the Supporting Information. CH bonds
of AEMs, OH bonds of water and hydroxide
ions and HOH angles of water were constrained
using SHAKE algorithm.™

2.3 Reactive molecular dynamics

Introduced in 2001 by Van Duin et al.,53
ReaxFF is a new class of reactive force fields,
based on the concept of bond orders. Introduc-

ing a dependence between bond orders and in-
tramolecular part of the potential enables bond
breaking and bond formation. The readers are
directed to Refs. 53,54 that fully describe po-
tential energy expressions of ReaxFF.

The PPO-based AEMs were modeled by using
the CHON2017 _weak force field.?* This force
field has been parameterized from the protein-
2013 model™ to describe accurately weak in-
teraction of functionalized hydrocarbon/water
molecules and has already been used in reac-
tive MD studies on PPO-based AEMs. 28:36

Starting from the last frame of non-reactive
MD runs, a 0K minimization step was per-
formed, followed by a 200ps run in the NpT
ensemble at 1 bar and 298.15 K to equilibrate
density since the PCFF | model underestimates
this property. Following that, a 1200 ps trajec-
tory in the NV'T ensemble at 298.15 K was
acquired, the last 1000 ps used for data analy-
sis. The ReaxFF simulations were conducted
with the AMS 2021 software™ using a 0.25fs
time-step. The Berendsen thermostat was used
with a damping factor of 100 6t. Tapered bond
orders”” and Furman torsions™ were applied.
Figure 2 shows a snapshot of a final config-
uration of PPO10-TMA at A\ = 10 in which
a nanophase segregation can be observed with
a well-connected and percolated water network.

3 Results and discussion

Conductivity stands out as a crucial factor for
gauging the efficiency of a fuel cell. This prop-
erty is directly related to hydroxide ions diffu-
sion processes. Such processes can be captured
by experiments™ and also by numerical meth-
ods allowing chemical reactions. As we dis-
cussed in our previous study,3 the first param-
eter governing diffusion properties is the per-
colation state of the water network, depicted
by the mean percolation probability M which
quantifies how water molecules are connected
to their images trough periodic boundary con-
ditions. The mean percolation probability M is



Figure 2: Snapshot of a final configuration of
PPO10-TMA for A = 10. Polymer atoms are
display in spacefill and dark colors, hydrox-
ide ions are represented in green while water
molecules are represented as smaller ticks.

defined as

3L)\ZZHAC cy (1)

where the first sum is carried out over A =
{z,y, 2z}, the three directions of space and the
second one over clusters of water molecules and
OH anions. The reader is redirected to ref. 39
for further details about graph theory used in
this analysis. Ha, . is the Heaviside function
which is equal to 1 if a node of the cluster is
connected to its image trough periodic bound-
aries in the considered direction, 0 otherwise.
l. is the number of nodes in the cluster ¢. The
mean percolation probability is plotted on Fig-
ure 3. The percolation state of the water net-
work is identical to the three membranes at any
hydration level indicating that the water net-
work structure is therefore independent of the
spacer length. A value of &~ 0.7 (respectively
~ 0.9) indicates that 70% (resp. 90 %) of the
water phase network is percolated at A = 10
(resp. A = 20). As a result, the differences in
properties reported in this study cannot be re-
lated to the adopted water network structure at
a given hydration level. For completeness, the
distribution of water and hydroxide around the

TMA™ group is illustrated by spatial distribu-
tion functions in Figure S1 of the Supporting
Information.

1.0 T T T T T

0.8} ! -

0.6 .
= 04} i
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o0l | | | re 1I3P010I-TMA |
75 10.0 125 15.0 17.5 20.0 22.5

A

Figure 3: Mean percolation probability M as a
function of A\ for the three membranes. If not
visible, error bars are smaller than symbols.

As a consequence, the starting point of
the discussion will be the analysis of the
mean square displacements (MSDs) of water
molecules (Figure 4) and hydroxide ions (Fig-
ure 5). MSDs were computed using equation
given in Section 3 of the Supporting Informa-
tion. To compute MSD of reactive species, their
trajectories must be regenerated. Indeed, sys-
tems topology is not fixed in reactive molecular
dynamics with respect to non-reactive molec-
ular dynamics. Only the number of species is
conserved. The methodology for regenerating
OH  ions trajectory is described in Section 4 of
Supporting Information.

Considering only vehicular mechanism, MSDs
are identical at any hydration level for all mem-
branes (see Figure 4). At A = 10, Figure
4a shows that the MSD of hydroxide ions for
PPO5-TMA and PPO10-TMA membranes are
identical and higher than PPO1-TMA whereas
at A\ = 20, MSDs of all membranes are rather
similar (see Figure 4b). Diffusion coefficients
calculated from MSDs curves and reported in
Table 2 consider both vehicular and Grotthuss
mechanisms. These coefficients are of the same
order of magnitude as those of previous re-
ported studies.?®36:62 Differences might come
from finite size effects since systems simulated
in this study are larger. The impact of the con-
finement induced by the polymer host matrix
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Figure 4: MSD of water molecules at A = 10 (a)
and A = 20 (b) for PPOI-TMA, PPO5-TMA,
PPO10-TMA membranes and free OH . If not
visible, error bars are smaller than symbols.

can be seen on water and hydroxide molecules.
At the hydration level (A = 10), where the
spacer length induces no differences in diffu-
sive properties, there is still more than a fac-
tor 3 between the OH diffusion coefficient in
KOH solution and in polymeric systems. We
can make two assumptions from MSDs curves.
On one hand, water diffusion properties are in-
dependent of the spacer length. What we found
for perfluorosulfonated membranes®® is verified
for hydro-carbonated membranes. On the other
hand, diffusion properties of hydroxide ions for
PPO5-TMA and PPO10-TMA membranes are
higher at the lower hydration level. As we
discussed in the introduction, the diffusion of
hydroxide ions takes place through two pro-
cesses: the Grotthuss mechanism (where a pro-
ton defect hoppings from a water molecule to
another) and a vehicular one, identical of wa-
ter molecules diffusion. Grotthuss mechanism
occurs along a hydrogen bond network, whose
efficiency is strongly related to the connectiv-
ity of the hydrogen bonds network. Analyzing
this network will provide meaningful informa-

tions about the reason why hydroxide ions dif-
fuse faster in PPO5 and PPO10 TMA at low
hydration state.

. - = ' :
3000 ¢ ppO1-TMA~ € PPO10-TMA (@)
& PPO5-TMA @ Free OH-

000 025 050 075  1.00
t/ns

Figure 5: MSD of OH™ ions at A = 10 (a)
and A = 20 (b) for PPO1-TMA, PPO5-TMA,
PPO10-TMA membranes and free OH . If not
visible, error bars are smaller than symbols.

In the case of non-confined systems and ideal
solution, an hydroxide ion in its pseudo-Zundel
form is connected to 4 hydrogen bonds with the
surrounding water molecules (see Fig. 1 of Ref.
80). The analysis of these hydrogen bonds is
critical to investigate the efficiency of the Grot-
thuss mechanism. How water molecules arrange
around hydroxide ions is the first element to
investigate. This is achieved by the means of
radial distribution functions (RDFs) defined in
Section 5 of the Supporting Information. RDFs
and coordination numbers (CN) between oxy-
gen of hydroxide ions (noted O*) and oxygen of
water molecules (O) are plotted on Figure S2
of Supporting Information for all membranes at
A = 10 and 20. For comparison, are given the
distribution functions of free OH . Whereas the
impact of confinement is clearly established on
the shape of the RDFs, the latter do not show a
statistically-meaningful signature of an impact
of the spacer length. Confining hydroxide ions



Table 2: Diffusion coefficients (AQ ps1)
of water and hydroxide anions in PPO1-
TMA, PPO5-TMA and PPO10-TMA
membranes and free OH at two )\ hy-
dration levels.

A Du,0 Don Down /DSHe
(A’ps™h) (A’ps!)

PPO1-TMA

10 0.029 0.133 0.10

20 0.060 0.344 0.24
PPO5-TMA

10 0.033 0.220 0.17

20 0.063 0.380 0.27
PPO10-TMA

10 0.033 0.187 0.15

20 0.062 0.409 0.29

Water
10 0.113 1.279 1
20 0.173 1.416 1

strongly impacts their capacity to connect with
surrounding water molecules. Quantifying the
number of hydrogen bonds between hydroxide
ions and water molecules should provide mean-
ingful insights. Hydrogen bonds existence crite-
ria were defined from the two-dimensional his-
togram plot represented on Figure S3 of the
Supporting Information leading to a di/siance

cutoff d+ of 2.8 and an angle cutoff O'HO of
130°. Figure 6 shows the probability density of
the number of hydrogen bonds per hydroxide
ions at any hydration levels for all membranes
and free OH. At A = 10, distributions are
disjointed, and the number of hydrogen bonds
per hydroxide ions is slightly higher in the case
of PPO5-TMA and PPO10-TMA membranes.
This proves that hydroxide ions are closer to
a bulk-like behaviour in PPO5/PPO10-TMA
than in PPO1-TMA. At A\ = 20, the differences
vanish and distributions are identical, getting
closer to that of free OH . As OH concentra-

tion decreases (i.e. A increases), the distribu-
tions are shifted to the right, but are still below
the value of 4. The influence of both concentra-
tion and confinement is then clearly established.
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Figure 6: Probability density of the number
of H—bondsper OH™ at A = 10 (a) and A =
20 (b) for PPO1-TMA and PPO5-TMA mem-
branes.

We now focus on the efficiency of Grotthuss
hoppings. Indeed, proton defects can jump
back and forth from one water molecule to an-
other. Such events are depicted as rattling
in refs. 81-84. Without doing complex cal-
culations to characterize such back and forth,
counting the Grotthuss events and the num-
ber of unique visited oxygens of water phase by
the proton defects provides meaningful insights.
The results are collected in Table 3. At any hy-
dration level, the numbers of Grotthuss events
per picoseconds are the same within the stan-
dard deviations for all simulated membranes,
and lower than free OH . This result confirms
that the impact of the confinement on Grot-
thuss hoppings does not depend on the spacer
length and that rattling is necessarily higher
at low hydration state. This assumption is
verified by investigating the number of unique



visited oxygens, which are higher at A = 20
for all membranes. Moreover, at A = 10, the
number of visited oxygens is higher for PPO5-
TMA and PPO10-TMA membranes, which is
in agreement with the higher MSDs of PPO5-
TMA and PPO10-TMA membranes at this hy-
dration level. Number of unique visited oxy-
gens is equal for all membranes at A = 20. In-
terestingly, these results contradict those pre-
viously established which claim that the Grot-
thuss mechanism is predominant at high hydra-
tion.® We observe here that it is more a ques-
tion of efficiency, driven by highly connected
hydrogen bonds network, than predominance.

Table 3: Number of Grotthuss hoppings
and unique visited oxygens for PPO1-
TMA, PPO5-TMA, PPO10-TMA mem-
branes and free OH  at two hydration lev-
els (A).

A NGrotthuss hoppings / ps

Nyisited oxygens / ps

PPO1-TMA
10 876 =5 639 + 3
20 882 + 6 678 + 3
PPO5-TMA
10 882+ 4 647 + 3
20 885+ 5 681 £+ 2
PPO10-TMA
10 879 + 4 649 + 2
20 890 + 3 684 + 2
Free OH™
10 944 + 1 706 £ 1
20 956 + 1 738+ 1

Questions remain as to the origin of the more
tightly-connected hydrogen bonding network
for PPO5-TMA and PPO10 membranes-TMA,
and the threshold in spacer length. We will
prove that the origin of this behaviour could
arise from differences in spacer arrangements
combined with the delocalization of OH  ions
with respect to the backbone. First, the pore
size distributions are analysed. In the same way
as our prior work,? a non-linear constraint op-
timization routine is used to locally compute,
around each oxygen atom of the water phase,
the largest inscribed sphere in the polymer host

matrix. Pore size (d) distributions are repre-
sented on Figure 7.
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Figure 7: Pore size d distributions at A = 10
(a) and A =20 (b). d are mean values.

Compared to perfluorosulfonic acid (PFSA)
based membranes, PPO membranes obey to a
different swelling law. Indeed, PFSA swells as
the linear law328586 ¢ = )\, whereas it is clearly
not the case here. Moreover, we do not observe
any heterogeneity in distributions, hence giving
more uniform transport properties. Finally, dif-
fusion properties and arrangement of hydrogen
bond network are not shown to be related to the
mean size of water domains in the membranes.

Then, to characterize spacer arrangements
and OH delocalization, we compute pairwise
distances between

e spacer carbon atoms and their first neigh-
bour which is a carbon of backbone (see
Figure 8) ;

e N of TMA™ and their first neighbour
which is a carbon of backbone (see Fig-
ure S4 of the Supporting Information) ;

e O* and their first neighbour which is a
carbon of backbone (see Figure S5 of the
Supporting Information) ;



e O* and their first neighbour which is a
carbon of spacer (see Figure S6 of the
Supporting Information).
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Figure 8: Probability density of pairwise dis-
tances between carbon atoms of spacers and the
first nearest neighbors carbon atoms of back-
bones at A = 10 (a) and A = 20 (b).

For PPO1-TMA membranes, only one peak
(located at approximately 1.4 A) is present in
Figure 8, as there is only one carbon atom in
the spacer. For PPO5 and PPO10 membranes,
the distributions are very similar. One might
expect a greater flexibility for longer spacers,
hence PPO10-TMA should exhibit a larger dis-
tribution. Nevertheless, because of hydropho-
bicity of spacers, the latter remains stuck on
the backbones. Higher distances are present
(up to 13A), but are still in the minority.
The same behaviour can be observed between
N atoms and C atoms of backbones (see Fig-
ure S4, zoomed in). Those distributions prove
that the spacers effectively are aligned with the
backbone. Increasing water content slightly in-
creases spacer mobility, hence enlarged PPO5-
TMA and PPO10-TMA distributions can be
observed. With regard to the probability den-
sity of the distances between the 0" atoms
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and the backbone carbons (see Figure S5), the
longer the spacer, the further the OH ions are
from the backbone. Especially at short dis-
tances, longest spacers screen the backbone.
The associated behaviour for the distances be-
tween the O atoms and the spacer carbons (see
Figure S6) is that at short distances, carbon
atoms of spacer form the local environment for
OH ions. Highest distances correspond to de-
localized OH ions in the water phase.

4 Conclusion

This work investigated the influence of spacer
length on AEM structure/properties relation-
ships using reactive molecular dynamics. Reac-
tive molecular dynamics is a valuable method
giving access to not only system of several thou-
sands of atoms, like in non-reactive molecular
dynamics, but also to reactivity. Indeed, re-
active mechanisms in diffusion processes are of
major importance in conductivity properties of
membranes, which we want to be as high as
possible. The first order parameter is unques-
tionably the water content. The higher it is, the
more the membrane conducts. Many other pa-
rameters then drive the conduction properties,
such as EWs, spacer steric hindrance, spacer
length, cristallinity of membranes, tortuosity
and conductivity of water channels. This makes
these materials inherently multi-scale. Three
AEM differing only in spacer length were simu-
lated, namely PPO1-TMA (one carbon spacer),
PPO5-TMA (five carbon spacer) and PPO10-
TMA (ten carbons spacer). AEMs exhibit
phase separation upon hydration: hydropho-
bic phase formed by PPO backbone, and hy-
drophilic phase formed by water and TMA
groups. A more or less developed hydrogen
bonds network emerges within the hydrophilic
phase, depending on the spacer length and hy-
dration state. The more the hydrogen bonds
network is developed (in other word the more
the hydroxide ions have a bulk-like behaviour),
the more the hydroxide ions are free to dif-
fuse through the membrane. A careful anal-
ysis of the hydrogen bonds network was pro-
vided in relation to the hydration level and



compared to free hydroxide ions in bulk wa-
ter. The number of hydrogen bonds formed
between OH and H,O molecules is the key
parameter to analyze in order to obtain infor-
mations about the diffusivity potential of OH"
ions. At the lower hydration level, membranes
show differences in their diffusion properties:
a longer spacer length implies higher diffusion
properties. A threshold effect is nevertheless
observed: PPO5-TMA and PPO10-TMA mem-
branes show the same diffusion properties. Be-
cause of hydrophobicity of carbon spacers, the
spacers remain rather stuck on the backbone,
although pentyl and decyl spacers still have a
certain flexibility with respect to PPO1-TMA,
At high hydration state, there is enough wa-
ter in the system to force diffusion proper-
ties to depend only on the polymer host ma-
trix. Those results would mean that it exists,
at a given hydration state, an optimal length
for spacers, which also drives mechanical prop-
erties.®” Moreover, short spacer length based
membranes would have the highest potential to
increase their transport properties as a func-
tion of hydration level. More specifically, this
means that for a given level of hydration, there
is an optimum spacer size due to hydrophobic
interactions. On the other hand, the length of
the spacer might drive (among other parame-
ters) the equilibrium water uptake but the de-
pendence between water uptake and spacer size
does not allow a clear conclusion to be drawn.
The water uptake of a membrane must there-
fore be calculated by molecular simulation, as
it has been done in several recent studies.®
However, we are convinced that these results
are very important as they provide valuable in-
sights for the design of AEMs with optimized
properties. Future work should focus on explor-
ing the proton counterpart, as hydrogen bonds
between sulfonate groups and hydronium ions,
which are typically used in proton exchange
membranes, could complement the findings pre-
sented in this work.
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