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Abstract

Currently, the main limitation of Anion Exchange Membrane Fuel Cells
is related to their low chemical stability under alkaline conditions due
to the degradation of quaternary ammonium-based head groups, which
lowers the transportation of hydroxide ions as well. The knowledge of the
intermolecular interaction of various quaternary ammonium head groups
with hydroxide ions is the key to improving hydroxide ion’s diffusivity and
chemical stability of various quaternary ammonium-based head groups.
Consequently, the intermolecular interaction of hydroxide ions with different
quaternary ammonium head groups of anion exchange membranes is
investigated at the different hydration levels via classical all-atom Molecular
Dynamics and molecular well-tempered MetaDynamics simulation methods
in this work. Several quaternary ammonium head groups (a) pyridinium,
(b) 1,4-diazabicyclo [2.2.2] octane, (c) benzyltrimethylammonium, (d)
n-methyl piperidinium, (e) guanidium, and (f) trimethylhexylammonium
were investigated in detail. Classical all-atom molecular dynamic simulations
illustrate that the results of radial distribution function between the nitrogen
atoms of six different quaternary ammonium head groups and hydroxide
ion are as follows: (a) > (c) = (f) > (d) > (e) > (b). In addition, from the
diffusion coefficient values it was found that the mobility of hydroxide ion
by quaternary ammonium head group (f) was lower than (c) at the different
hydration levels.

1. Introduction

finity’ [1, 2]. Earlier studies of the interaction of
monovalent with anionic binding sites of glass

Currently, two different hypotheses are being
developed in the field of chemistry and biophysics
to study the relationship between ions and ligands,
such as 1) ‘ligand field strength’ and ii) ‘equal af-
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electrodes in an aqueous solution supported the
idea that selective ionic bonds depend mainly on
the chemistry of the ligand, which correlated with
‘ligand field strength’ [3]. According to the ‘ligand
field strength’ hypothesis, binding free energies for
alkaline metal ions with ligands should follow the
ordered sequence from smaller to larger ion size as
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follow: Li* < Na" < K* < Rb* < Cs' [2, 4]. In con-
trast, the ‘equal affinity’ hypothesis supports that
the binding preference of ion should follow by the
cation hydration free energy sequence: Na* < K* <
Rb* < Li* < Cs' [5, 6]. Furthermore, the hard and
soft acid and base (HSAB) principle was developed
to select the ligand for metal ions. According to the
HSAB principle, hard acids strongly interact with
hard bases and soft acids with soft bases, respec-
tively [7]. The binding of ions to ligands is a fun-
damental phenomenon in chemistry and biology,
having many applications in many systems. How-
ever, a significant amount of research has to be car-
ried out on ligand-ion binding phenomena for ad-
vanced energy materials such as Anion Exchange
Membrane Fuel Cells (AEMFCs). This study will
focus on studying the patterns of ligand binding to
ionic systems, particularly the binding of quaterna-
ry ammonium (QA) to hydroxide (OH") ions based
on the structure of head groups in AEMFCs.

Hydrogen is produced mainly from methane and
is considered an environmentally friendly and eas-
ily scalable fuel. The resulting hydrogen fuel and
oxygen from the air undergo electrochemical reac-
tions by converting chemical energy into electrical
energy in fuel cells [8]. In this regard, AEMFCs
attract the attention of scientists due to their low
cost, stability, and durability of the material, both
cathode kinetics and ohmic polarization. Conse-
quently, scientists are trying to achieve large-scale
commercialization of those cells. Anion Exchange
Membrane (AEM) is a critical component in such
sustainable fuel cell (FC) devices that separates
fuel and conducts ions OH™ [9].

AEMEFC is a polymer matrix that contains pos-
itively charged QA head groups covalently bound
to the polymeric backbone [10]. Mainly, these QA
head groups determine conducting capacity of the
AEMEFCs for OH ions [11]. According to the avail-
able data, there is a significant problem that needs
to be solved for large-scale commercialization of
AEMFC: The barrier in cell performance stabili-
ty limits the transportation of OH™ ion due to the
chemical degradation reactions of the various QA
head groups based polymeric matrix via Hofmann
elimination, Nucleophilic Substitution (SN2), and
Ylide formation. However, the degradation mech-
anisms of various QA head groups and OH™ ion
transportation mechanisms in high pH are not well
understood from insights down to the molecular
scale at the different hydration levels (HLs).

Computational modeling and simulations have
become critically important tools to explore the
chemical degradation and transportation of OH™
ion via positively charged QA head groups of the
polymeric backbone of AEM. Particularly, Mo-
lecular Dynamics (MD) simulations and Density
Functional Theory (DFT) calculations are widely
implemented to investigate the nanophase segre-
gation morphology, the diffusivity of OH™ ions in
polymeric matrixes of AEM, degradation mech-
anisms of QA groups of AEM, the effect of HL
on the stability of QA head groups and diffusivity
of OH ion in AEM in the presence of implicit or
explicit water [12-27]. In this paper, related com-
putational studies were reviewed at the different
multi-length and multi-time-scale [28].

DFT was used to study the interaction and deg-
radation of QA head groups with OH™ ions, as well
as to compare theoretical and experimental results
obtained from the study of ionic conductivity and
chemical stability. The DFT results for the binding
energy suggested the following order of the bind-
ing strength of OH"™ ion with six various QA head
groups: (a) > (c¢) > (f) > (d) > (e) > (b). This sug-
gests that (b) has the highest transport of OH™ ions
through the head groups of QA AEM [29]. Consid-
ering the Nucleophilic Substitution degradation re-
actions for QA head groups (c) and (f), the chemi-
cal stability of QA (f) was higher than QA (c) [29].
However, molecular Well-Tempered MetaDynam-
ics (WTMD) simulations were not commonly im-
plemented to calculate the binding free energies
landscape (FEL) for the association of OH™ ion
with the QA head groups of AEM, which is related
to chemical stability and transportation phenome-
na. WTMD simulation is a powerful computation-
al technique to estimate the binding FEL for the
association/dissociation of OH™ ion with the QA
head group of AEM. The binding FEL calculations
mainly provide an efficient route to estimate the
dynamic and kinetic characteristics of chemical
and biological processes, including ionic conduc-
tance or permeability coefficients and association
constants that determine the chemical stability
and reactivity of designed systems [30]. However,
computationally studies of the shielding effect of
water solvating the OH™ ions on its nucleophilicity
in the presence of QA head groups in combination
with experimental properties such as chemical sta-
bility and transportation of OH™ ions in AEMFCs
are scarce.
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In this study, classical all-atom MD simula-
tions, and molecular WTMD simulations were per-
formed to understand the shielding effect of water
solvating the OH™ ions in different QA-based head
groups. The intermolecular interaction of OH™ ions
with the various QA-based head groups of AEM
at the different HLs was investigated. Six typical
and commonly used QA head groups were select-
ed as theoretical models for classical all-atom MD
and molecular WTMD simulations. In the follow-
ing paragraphs, classical all-atom MD simulations,
molecular WTMD simulation methodology, radial
distribution function (RDF), coordination number,
interaction energy, number of hydrogen bonds,
mean squared displacement (MSD), diffusion co-
efficient, water channel, and binding FEL for OH™
ion with QA-based head groups of AEM, at the
different HLs were described.

2. Model and Method
2.1. System of interest

The six different QA head groups of AEM were
selected as a computational model for our classical
all-atom MD and molecular WTMD simulations,
as depicted in Fig. 1. Initially, one molecule of the
QA head group from Figurelwith one OH™ ion and
three water molecules were selected (same as our
previous work [29]) for classical all-atom MD and
molecular WTMD.

The new systems were created, which contain
one/five molecules of QA head group (namely (c)
and (f)), one/five OH™ ion, and 3/9/15/500 water
molecules were also simulated to explore the ef-
fect of HLs and solvation on OH™ ion transporta-
tion and chemical stability of AEM via classical
all-atom MD, and molecular WTMD.

2.2. Conventional all-atom MD

Initially, the optimized coordinates and force
field parameters (partial charges, bonds, angles,
dihedrals) for QA head groups (Fig. 1) were gen-
erated using the automatic topology building tool
Swiss Param (Molecular modeling group, Swiss
Institute of Bioinformatics, Lausanne, Switzer-
land) from optimized ATB database structures
[31]. At the same time, Lennard-Jones (LJ) pa-
rameters were obtained from the CHARMM36
force field [32]. Each designed system for classi-
cal all-atom MD with molecular WTMD simula-
tions includes a single representative segment of
the distinctive QA head group with OH ion in the
presence of explicit TIP3P [33] (3/9/15/500) water
molecules. The potential energy of the systems in
the CHARMM36 force field includes both bonded/
non-bonded contributions [32]. Initial simulation
boxes were created with a 500 kJ/mol/nm maxi-
mum force limit on each atom using the steep-
est descent method, to optimize the starting con-
figuration at 1 bar and temperature of 298 K for
0.1 ns, thus energy was minimized. Equilibration
of the systems was conducted under NPT and fol-
lowed by NVT ensembles at 1 bar and 298 K for
1 ns of each. After the system reached equilibrium,
production runs for classical all-atom MD simu-
lations were performed for 10 ns with 298 K and
1 bar and with NVT ensemble at a constant volume
(Table S1). The LINCS constraint algorithm was
implemented for all bonds during the simulation.
Therefore, a 0.5 nm cut-off was used for LJ and
coulombic short-range interactions. Meanwhile,
long-range interactions were computed by Parti-
cle Mesh Ewald summation. In addition, a Nose-
Hoover thermostat and Berendsen pressure cou-
pling were implemented to maintain temperature

Fig. 1. Structure of representative segments containing different QA head groups. Six different QA head groups are
(a) pyridinium, (b) DABCO, (c) BTMA, (d) n-methyl piperi- dinium, (e) guanidium, and (f) TMHA [29].
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[34] and system pressure [35], respectively. Note
that periodic boundary conditions were introduced
in all directions.

The molecular interaction of OH™ ion with six
different QA head groups of AEM in the presence
of explicit water molecules was studied by clas-
sical all-atom MD simulations as can be seen in
Table S1. The collective motion of solvent plays
a vital role in the transportation of OH™ ions in
AEMs which is one of the important aspects of
this study. Introducing it could improve the ionic
transport channel connectivity and create the QA
head groups more flowing and enhance the trans-
portation of OH™ ions. However, there is a lack of
profound investigations of the intermolecular in-
teractions between QA head groups of ion trans-
port channels and water molecules. For this reason,
classical all-atom MD simulations were applied for
studying the nature of OH™ and QA head group in-
teractions by adding explicit water molecules.

Finally, RDF, coordination number, interaction
energy, number of hydrogen bonds, MSD, the dif-
fusion coefficient of OH™ ion, and water channel
for molecular interaction OH™ ion with six differ-
ent QA head groups of AEM in the presence of
explicit water molecules were analyzed.

2.3. Molecular Well-tempered MetaDynamics

OH™ ions bound with the QA-based head group
at the different HL were noted during all-atom MD
simulations, which needs to be overcome to esti-
mate the free energy landscape. It was achieved
successfully by molecular WTMD simulations,
which will be discussed in subsection 3.4. Main-
ly, the association/dissociation of OH™ ion and
QA-based head groups at the different HLs were
considered. The important aspects of the OH™ ion
QA-based head group is related to the collective
motion of water at the different HLs, which plays
an important role in the transportation of OH™ ion
and chemical stability of various QA head groups
of AEM. Due to that reason, molecular WTMD
simulations systems for investigating the nature
of OH™ and QA-based head group interactions via
adding explicit water molecules at the different
HLs were applied. Molecular WTMD simulations
were performed to obtain free energy landscape
(FEL) for our designed systems. In this regard, the
FELs were calculated as the distance between the
OH™ ion and the QA head group. For our investi-

gated QA (c), the Gaussian hills with a height of 5
kJ/mol and a width of 0.25 A are deposited every
100 ps [36, 37]. Meanwhile, for our investigated
QA (f), the Gaussian hills with a height of 0.4 kJ/
mol and a width of 0.35 A are deposited every 100
ps [37]. Therefore, a careful selection of bias fac-
tors is highly important for molecular WTMD. The
term “bias factor” relates to the ratio between the
temperature of collective variables and the system
temperature. That means the bias factor needs to
be carefully chosen to cross relevant free energy
barriers in the time scale of simulation for vari-
ous systems. According to the available literature,
a bias factor of 25 for QA (c) and 15 for QA (f)
based head group segment yielded good results to
overcome larger transition barriers for those simi-
lar compounds [36]. The molecular WTMD simu-
lation results are analyzed to find the free energy
landscape (FEL) of the studied systems, which is
crucial to identifying the binding position and lo-
cal minima. The FELs as a function of the distance
between the oxygen atom of the OH™ ion and the
nitrogen/carbon atom of the QA-based head group
were obtained and discussed. Classical all-atom
MD and WTMD simulations were performed in
GROMACS software with the PLUMED plugin
[38, 39, 40, 41]. In addition, Visualization Mo-
lecular Dynamics (VMD) was used to visualize
the simulated boxes [42]. In MD simulation, the
choice of force-field parameters is essential for our
designed system. As a result, the density of the
simulation box is approximately 1 g/cm® at 298.15
K, 1 bar, which means a good agreement between
experimental and computed data and justifies the
selection of the force field.

3. Results and discussion

The RDF, coordination number, interaction en-
ergies, number of hydrogen bonds, diffusion con-
stants, water channels, and FELs between the ni-
trogen/carbon atom of QA and the oxygen atom of
OH ion are analyzed and discussed in subsections
3.1-3.4, respectively.

3.1. Molecular structural properties
3.1.1. Correlation between N atom of QA and OH~ ion

In this study, the RDFs and g(r) profiles (Fig.
2A) were determined for the nitrogen atoms of
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Fig. 2. A) RDFs for nitrogen atom of six various QA head groups with OH™ ion, and then B) the coordination number

of six various QA head groups with OH™ ion were illustrated.

the QA head groups with the oxygen atom of OH™
ions. The working process of AEM at HL of 3 is
evaluated by RDF results from MD simulations,
where the RDFs were depicted as a function of the
distance between the oxygen atom of OH™ ions
and nitrogen atoms of the six different QA head
groups. It was found that the highest electrostat-
ic interaction accounts for the QA head group (a),
which holds OH" ions around it with a peak value
of 230.39 at 2.95 A. The next highest peak val-
ue corresponds to the molecular interaction of QA
head group (c) with 166.18 at 3.45 A. The third
place in terms of higher peak value was 160.26 at
3.75 A, which relates for molecular interaction of
the QA head group (f) with OH™ ion. Followed by
a peak value of 148.98 at 3.45 A for the QA head
group (d). The fifth peak value is around 125.09
at 3.45 A, which is found for the QA head group
(e). The smallest peak corresponds to the QA head
group (b) with OH™ ion, and its value of peak was
84.70 at 3.65 A. In this regard, the order of the mo-
lecular interaction strength of OH™ ion with vari-
ous QA head groups is as follows: (a) > (c¢) > (f)
> (d) > (e) > (b), which could mean (b) have high
transportation of OH™ ion via the nitrogen atom of
QA head group of AEM. In addition, the coordi-
nation numbers were obtained by integrating the
RDFs in Fig. 2A up to the first peak, which pro-
vides a measure of the number of events for which
OH™ coordinates the nitrogen atom of the QA head
group sufficiently.

The coordination number was obtained by in-
tegrating RDF in spherical coordinates to the first
minimum of the RDF value. In this work, the coor-

dination number is defined as the number of OH™
ions that interact with the nitrogen atom of the QA
head group. Figure 2B compares the coordination
numbers of QA head groups. It was noted that the
trend of increasing coordination numbers as fol-
lows: (a) > (c) = (f) > (d) > (e) > (b). The interac-
tion strength trend above is also consistent with the
experimental results obtained by Yang et al. and
our DFT work [43, 29].

Figures 3A and 3B illustrate the RDF profiles
between the OH™ ion and nitrogen atoms of QA
head group (c) and (f) at the different HL values.
According to Fig. 3A, the first highest radial dis-
tribution peak value is 176.17 at 3.35 A, which
corresponds to the oxygen of the OH™ ion near
the nitrogen atom of a single QA head group (c)
at the HL of 3. The second highest peak value is
95.26 at 3.55 A, which corresponds to HL 9. The
third highest peak value is 64.82 at 3.55 A, which
is related to the more weakly bound OH™ ion with
the head group QA (c) at HL 15. Figure 3A indi-
cates that the RDFs between OH™ ion and QA head
group (c) are weakened with increasing the HL.
The same trend was observed for the interaction of
OH™ ion with QA head group (f) as a result yielded
160.26 at 3.75 A for HL 3, 63.66 at 4.35 A for HL
9, 39.33 at 4.56 A for HL 15. The intermolecular
interaction between the OH™ ion and the nitrogen
atom of QA head group ((c) and (f)) was not ob-
served during solvation, according to Figs. 3A and
3B. A high HL is physically shielding the OH™ and
consequently, hydration limits the approach of the
OH™ ion towards the QA head group, which leads
to the decrease of the RDF peak. In this regard,
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Fig. 3. A) RDFs of the binding OH™ ion with the nitrogen atom of QA head group (c¢), and B) RDFs of the binding
OH™ ion with the nitrogen atom of QA head group (f) in the presence of explicit water at the different HLs.

the correlation of the nitrogen atom of QA based
head group site with OH™ ion is decreased as in-
creasing HL, which means lower HL has higher
transportation of OH™ ion by the nitrogen atom of
QA based head group. In addition, the RDF peak
between OH™ ion and QA head group (c) and the
RDF peak between OH™ ion and QA head group
(f) disappeared at the aqueous media (solvation),
which corresponds to the breakdown state of AEM.

3.1.2. Correlation between benzylic C atom of QA
and OH~ion

After that, as can be seen in Fig. 4A, the RDFs,
g(r) profiles were calculated for the benzylic car-
bon atom of the QA head group and the oxygen

atom of OH™ ion. Benzylic carbon was selected
since it is the site of nucleophilic substitution at-
tack with the lowest activation energy barrier, ac-
cording to Dekel et al. [44, 45]. Consequently, the
highest electrostatic interaction is found for the
QA head group (a), as a peak value was 127.84
at 2.90 A. Recently, resonance stabilized QA head
group structure (a) has gained great attention in
AEMEFC design. QA head group (a) is accepted to
have reduced susceptibility toward OH™ attacks be-
cause of its delocalized cation structure. However,
our results indicate that (a) is the least stable QA
head group in the presence of OH™ ion compared
to other types of QA head groups. The subsequent
highest values of peaks were assigned for molec-
ular interactions of QA head groups (c) and (b)

Fig. 4. A) RDFs for benzylic carbon atoms of six various QA head groups with OH™ ion. B) Comparison for a
coordination number of degradation of six various QA head groups with OH™ ion.
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Fig. 5. A) the RDFs of the binding OH™ ion with the carbon atom of QA head group (c¢), and B) the RDFs of the binding
OH" ion with the carbon atom of QA head group (f) in the presence of explicit water at the different HLs.

with 92.44 at 3.10 A and 90.34 at 3.30 A, respec-
tively. Among six model compounds of the QA
head groups, two QA head groups ((a), (b)) were
found to have lower or similar stability as com-
pared to QA head group (c), while three QA head
groups ((d), (e), (f)) illustrated better stability than
QA head group (c). The fourth priority in terms
of higher peak value was 80.56 at 3.30 A, which
was assigned for molecular interaction of the QA
head group (d) with OH™ ion. The fifth peak value
is around 53.36 at 3.10 A, which is found for the
QA head group (e). Lastly, the disappearance of
the peak at around 3.00 A supports the observed
chemical stability of the QA head group (f). In this
regard, the results indicate the trend of increasing
stability as follows: (a) < (b) <(c) <d) < (e) < (f).
The chemical stability of the QA head group (f)
stands out among all six types of QA head groups.
The coordination numbers were obtained by in-
tegrating the RDFs in Fig. 4B up to the 4.00 A,
which measures the number of events for which
OH™ coordinates the QA head group sufficient-
ly for the degradation reaction to start. Figure 4B
compares the coordination numbers of QA head
groups. It was highlighted that the trend of increas-
ing stability is as follows: (a) < (b) < (¢) < d) <
(e) < (f). The alkaline stability trend above is also
consistent with the experimental results obtained
by Bae et al. and our DFT work [8, 46, 47, 29].
Figures 5A and 5B illustrate RDFs of the OH™
ion around the vicinity of the QA-based head
group molecule in the presence of explicit water
molecules at the different HLs. As seen in Fig.
5A, the first highest radial distribution peak value
is 146.50 at 2.90 A, which corresponds to the low

energy position of the OH™ ion near the benzylic
carbon of a single QA head group (c) for HL 3 ina
configuration that is prone to degradation. The sec-
ond highest peak value is 84.97 at 3.10 A, which
corresponds to HL 9 according to Fig. 5A. The
third highest peak value is 57.10 at 3.30 A, which
corresponds to more loosely bound OH™ that mo-
mentarily bridges several water molecules at HL
15, according to Fig. SA. The same trend was ob-
served for the interaction of OH™ ion with the QA
head group (f) as a result yielded 46.60 at 2.90 A
for HL 3, 23.37 at 5.25 A for HL 9, 20.03 at 5.32
A for HL 15 according to Fig. 5B. The intermo-
lecular interaction between OH™ ion and the nitro-
gen atom of QA head group ((c) and (f)) was not
observed during solvation, according to Figs. SA
and 5B. The addition of water hydrates the OH",
creating a steric shell around the OH™ ion, and as
a consequence, RDF peaks tend to move to lower
RDF peak values.

Hydration limits the approach of the OH™ ion
towards the carbon atom of the QA head group,
supporting the observed QA head group stability
trend from Figs. 4A and 4B. The alkaline stability
trend of radial distribution peaks is also consistent
with the experimental and computational results
obtained by Dekel et al. [45].

3.2. Bonding properties

3.2.1. Interaction energies between QA head
group and OH~ ion

As shown in Table 1, the interaction energies
between OH™ ion and QA head group (c) were

Eurasian Chemico-Technological Journal 25 (2023) 89-102
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-3.330, -0.390, and 0.210 kJ/mol for HL 3, 9, and
15, respectively. In addition, the interaction ener-
gies between OH™ ion and QA head group (f) were
-2.811, -0.206, and 0.207 kJ/mol for HL 3, 9, and
15, respectively. Consequently, the increase of
HLs leads to a decrease in the interaction strength
between OH™ ion and QA-based head group. It
could be observed that the degradation rate and
transportation of OH™ ion took a negative correla-
tion to the interaction between the OH™ ion and the
QA-based head group.

The interaction energies between the OH™ ion
and QA head group (c¢) and (f) have been found to
be different for HL 3, 9, and 15, with negative val-
ues indicating attractive interactions and positive
values indicating repulsive interactions. It is inter-
esting to note that the interaction energies decrease
as the number of HLs increases, indicating that the
strength of interaction between the OH™ ion and the
QA-based head group decreases with the increase
in HLs.

Table 1
The interaction energies of the binding OH™ ion with
QA based head group of AEM in the presence
of explicit water at the different HLs.

Binding of OH™ ion with 3 9 15
QA head groups
OH ion with QA (¢) (kJ/mol) -3.330 -0.390 0.210

OH- ion with QA (f) (kJ/mol) 2.811 -0.206 0.207

This finding has implications for understanding
the behavior of molecules in solution, particularly
for understanding the interactions between mole-

cules and their environment. The QA head group
is an important functional group in AEMs, and un-
derstanding its transportation ability of OH™ ionsis
critical in AEMFCs.

3.2.2. Hydrogen bonding’s between water molecules

The highly hydrated AEM has a relatively high
developed hydrogen bonding network [48]. In this
regard, the numbers of H-bonding between wa-
ter molecules at different HLs were calculated, as
shown in Table 2.

The results for QA head group (c) revealed 0
hydrogen bonds between water molecules at HL 3;
however, the number of hydrogen bonds between
water molecules increased from 2 for HL 9 to 8 for
HL 15, suggesting the development of hydrogen
bonding networks between water molecules. The
results for QA head group (f) revealed 0 hydrogen
bonds between water molecules at HL 3; howev-
er, the number of hydrogen bonds between water
molecules increased from 2 for HL 9 to 6 for HL
15, suggesting the development of hydrogen bond-
ing networks between water molecules. Therefore,
OH" transport through the highly hydrated AEM
can be determined by the H-bonding internal struc-
ture of the formed water channels.

The results presented in the statement suggest
that the presence of QA head group (c) and QA
head group (f) in the AEM leads to the development
of hydrogen bonding networks between water mol-
ecules. Specifically, the number of hydrogen bonds
between water molecules increases as the HL of
the membrane increases, which is indicative of the
formation of hydrogen bonding networks.

Fig. 6. MSD plot and the trend line at the different HLs for OH™ ions in the presence of A) QA (¢), and B) QA (f) head

group of AEM.
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Fig. 7. MSD plot and the trend line at the different HLs for H,O in the presence of A) QA (¢), and B) QA (f) head

group of AEM.

Table 2
The number of hydrogen bonds between water
molecules of AEM at the different HLs.

Number of H-bonds 3 9 15
Number of H-bonds between H,O ) ]
molecules for QA head group (c)

Number of H-bonds between H,O 0 ) 6

molecules for QA head group (f)

The absence of hydrogen bonds between water
molecules at HL 3 for both QA head group (c¢) and
QA head group (f) suggests that there is insuffi-
cient water content in the AEM to facilitate the for-
mation of hydrogen bonding networks. However,
as the HL increases, there is a corresponding in-
crease in the bulk water content, which leads to the
formation of hydrogen bonding networks.

The formation of hydrogen bonding networks
between water molecules is significant because it
influences the physical properties of the AEM, in-
cluding its mechanical strength, swelling behavior,
and transport properties. The formation of hydro-
gen bonding networks can also affect the selectiv-

ity of the AEM towards different types of ions and
molecules.

The results presented in the statement sug-
gest that the development of hydrogen bonding
networks between water molecules is more pro-
nounced for QA head group (c) compared to QA
head group (f). This difference in the degree of hy-
drogen bonding network formation may be due to
differences in the chemical structure of the two QA
head groups. However, further studies are needed
to fully understand the mechanisms underlying the
observed differences in hydrogen bonding network
formation.

3.3. Mobility of OH~ ion

3.3.1. MSD for OH™ ions, H,O, and QA at the
different HLs

Figures 67 show the MSD for OH™ ions, H,O,
and QA at the different HLs, respectively. Further,
the diffusion coefficients were calculated from the
slope of the MSD curve of OH™ ions, H,0, and QA
at the different HLs. The results of obtained diffu-
sion coefficients were illustrated in Table 3.

Table3
The diffusion coefficients of AEM components at the different HLs.

Diffusion coefficient, 10 cm?/s, (Standard error, 10-'%) for HL

3 9 15
OH ion in the presence of QA head group (c) 0.017 (0.0024) 0.025 (0.0018) 0.027 (0.0024)
H,0 molecules in the presence of QA head group (c) 0.018 (0.0023) 0.019 (0.009) 0.19 (0.013)
OH ion in the presence of QA head group (f) 0.016 (0.0022) 0.018 (0.0019) 0.026 (0.0021)
H,0 molecules in the presence of QA head group (f) 0.018 (0.006) 0.189 (0.012) 0.203 (0.013)
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Fig. 8. Snapshot of water channels around A) QA (¢) and B) QA (f) at the different HLs.

3.3.2. Diffusion coefficients for OH  ions, H,0 at
the different HLs

As Table 3 indicates, the mobility of OH™ ion,
and H,O molecules increased from HL 3 to HL
15. The diffusion coefficient of OH ion, and
H,0 molecules increased from 0.017x1073 to
0.027x107° ¢cm?/s, and 0.018x107 to 0.190x1073
cm?/s, respectively, in the presence of QA head
group (c) as an increase of HLs. These findings
could mean that the Grotthuss mechanism was the
most dominant diffusion mechanism of OH™ ion
as HL increases because the Grotthuss mechanism
occurs in the bulk of H,O molecules at a higher
HL. As a result, the AEM’s ionic conductivity will
reach its highest value.

Regarding the TMHA-based head group of
AEM, the mobility’s of OH™ ion, and H,O mol-
ecules increased from HL 3 to HL 15. The diffu-
sion coefficient of OH™ ion, and H,O molecules

increased from 0.016x107° to 0.026x107° cm?/s,
and 0.018x107 to 0.203x107 cm?/s, respective-
ly, in the presence of QA head group (f) as an in-
crease of HLs. These results could reveal that the
Grotthuss mechanism was again the most import-
ant diffusion mechanism of OH™ ion at a higher
HL. At the same time, the working principle of
AEMFCs results in gradients in the cell that could
lead to low-hydration conditions (HL<5) within
the cell.

The higher the water content a cell contained,
the monotonically increased mobility of the OH™
ion obtained for QA (c) and QA (f). It could be
observed that the mobility of OH™ ions took a pos-
itive correlation to the HL and a negative correla-
tion with the interaction between the OH™ ion and
the nitrogen atom QA (c)/(f) based head group.

Based on the diffusion coefficients, ion-
ic conductivity (o) can be calculated using the
Nernst-Einstein equation:

Fig. 9. FEL for binding of OH ion with QA based head group at the different HLs as a function of the distance
between the oxygen atom of OH™ ion and the nitrogen atom of A) QA (c), and B) QA (f) based head group.
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Fig. 10. FEL for binding of OH™ ion with A) QA based head group (c), and B) QA based head group (f) at the different
HLs as a function of the distance between the oxygen atom of OH™ ion and the benzylic carbon atom of QA based

head group.

6 = (DNZ2¢?)/(kBT)

where, N is the number density of OH™ ion, Z is
the carrier charge, e is the elementary charge, kB is
the Boltzmann constant, and T is the absolute tem-
perature. In addition, Zhang et al. stated that the
big difference between computationally and exper-
imentally obtained ionic conductivity values [49].

A typical snapshot of an AEM is presented in
Figs. 8 A and 8B. The formation of inter-connect-
ing water channels increases by increasing HLs,
which is observed and in line with hydrogen bond-
ing analysis.

3.4. Free energy landscapes

The thermodynamic association of OH™ ion with
the QA-based head group (c)/(f) segment of AEM
at the different HL values was estimated from Figs.
9A and 9B.

It was noted that the relative free energy dif-
ference between the associated and the dissociated
states of OH™ ion with the nitrogen atom of QA
based head group decreases at higher HL values.
The association state is a minimum attribute to
contact ion pairs, which correspond to the mo-
no-dentate coordination mode of OH™ ion to the
QA-based head group of AEM. While the dissoci-
ation state is related to the solvent-shared ion pair
state, where the ions share appropriately oriented
water molecules, each of which forms a hydrogen
bond with the OH™ ion and QA-based head group
of AEM.

3.4.1. Thermodynamic association between N
atom of QA and OH~ ion

According to Fig. 9A, the relative free energy of
the difference between the associated and the dis-
sociated states of OH™ ion to QA-based head group
1s -195.62 kJ/mol, -161.85 kJ/mol, and -123.20 kJ/
mol for HL of 3, 9 and 15, respectively.

The similar trend of FELs for the binding mode
of OH™ ion to QA-based head group (f) was not-
ed according to Fig. 9B, as the relative free ener-
gy differences were -155.65 kJ/mol for HL of 3,
-102.46 kJ/mol for HL of 9, and -88.86 kJ/mol for
HL of 15. The association and dissociation of the
OH™ ions towards the QA head group is limited at
higher HL values, via shielding the OH™ ion and
leading to the decrease of the binding FEL peak,
supporting the observed nitrogen atom of QA head
group transportation of OH™ ion trend from classi-
cal all-atom MD simulations.

This trend can be explained by the fact that as
the HL increases, the distance between the OH ™ ion
and the QA-based head group also increases. This
leads to a decrease in the strength of the electro-
static interactions between the negatively charged
OH™ ion and the positively charged QA-based head
group. As a result, the relative free energy differ-
ence between the associated and dissociated states
becomes less negative, indicating a decrease in the
binding affinity.

These results have important implications for
the design and optimization of AEM-based tech-
nologies. In particular, they suggest that the perfor-
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mance of AEMs can be optimized by adjusting the
HL of the membrane to achieve the desired level of
binding affinity. For example, if a high binding af-
finity is desired, then a lower HL may be preferred
in order to maximize the strength of the electrostat-
ic interactions between the OH™ ion and the QA-
based head group.

3.4.2. Thermodynamic association between ben-
zylic C atom of QA and OH~ ion

From Fig. 10 the thermodynamic association
and dissociation for the oxygen atom of OH™ ion
with the benzylic carbon atom of the QA-based
head group segment of AEM at the different HLs
were estimated. A relative free energy difference
of -210.46 kJ/mol corresponds to the HL of 3,
-151.63 kJ/mol to 9, and about -108.74 kJ/mol to
HL of 15, according to Fig. 10A.

The binding of OH™ ion with the QA-based head
group is stronger at lower HLs. A similar trend of
FELs for the binding mode of OH™ ion to QA-based
head group (f) was observed according to Fig. 10B,
as the relative free energy differences were -163.66
kJ/mol for HL of 3, -103.63 kJ/mol for HL of 9, and
-78.56 kJ/mol for HL of 15. Hydration limits the
pairing of the OH™ ion towards the benzylic carbon
atom of QA head group via shielding the OH™ ion,
leading to the decrease of the binding FEL peak,
supporting the observed stability trend of QA head
group from classical all-atom MD simulations.

The observed trend in the FELs can be explained
by the electrostatic interactions between the OH-
ion and the QA-based head group. At lower HLs,
the electrostatic interactions between the negative-
ly charged OH™ ion and the positively charged QA-
based head group are stronger due to the shorter
distance between them. As the HL increases, the
distance between the OH™ ion and the QA-based
head group also increases, leading to a decrease
in the strength of the electrostatic interactions and
consequently the binding affinity.

4. Conclusion

The findings from the all-atom MD simulations
with explicit water molecules at different HLs shed
light on the intermolecular interaction of OH™ ion
with QA-based head groups of AEM. The negative
correlation observed between the interaction of
OH™ ions with carbon/nitrogen atoms of QA-based

head groups and the degradation and transportation
of OH™ ions can provide useful insights for the de-
velopment of more effective AEMs.

Furthermore, the observation that higher water
content in the cell leads to increased mobility of
OH™ ion obtained for QA (c) and QA (f) highlights
the importance of considering water content in the
design and optimization of AEMs.

The use of molecular WTMD and classical
all-atom molecular dynamics simulations has en-
abled the scientific community to obtain a more
accurate and detailed understanding of the associ-
ation and dissociation process between QA-based
head group of AEM and OH™ ions. The resulting
free energy landscape reveals that the relative free
energy difference for association and dissociation
of OH™ ion with QA-based head group is stronger
at lower HLs. These findings provide valuable in-
sights into the fundamental mechanisms underly-
ing this process, which can aid in the development
of more effective AEM-based technologies in var-
ious fields, including water treatment, energy pro-
duction, and more. The successful implementation
of these simulation techniques highlights the im-
portance of interdisciplinary collaboration and the
utilization of advanced computational methods in
advancing scientific knowledge.

Overall, these findings demonstrate the poten-
tial of computational simulations to provide valu-
able insights into the behavior and properties of
AEMs, which can inform the development of more
efficient and sustainable energy technologies.
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