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ABSTRACT: The present study aims to investigate static and
dynamic properties of polyamine-based anion exchange membranes
(AEMs) using all-atom molecular dynamics simulations. The effects of
the hydration level, degree of amination, and temperature on the
properties of AEMs were systematically explored. The phase
segregation and the formation of interconnected hydrophilic channels
were visualized for different simulated membranes. Additionally, the
variation of the diffusion coefficients of both water molecules and
hydroxide anions as a function of the aforementioned parameters were
computed, and the mechanical properties of the different membranes
were studied. The results revealed that increasing the degree of
amination and water uptake facilitates the transport of water and
anionic species. However, this comes at the expense of the mechanical
stability of the membrane due to water-induced plasticization, potentially leading to its irreversible deformation under operating
conditions. We then demonstrate that a promising compromise solution between high conductivity and mechanical stability can be
achieved by limiting the degree of amination to about 30%. These results furnish valuable insights into the development of improved
AEMs.

■ INTRODUCTION
In recent years, there has been growing interest in anion
exchange membranes (AEMs) in the field of energy conversion
and storage. AEMs are used for fuel cells and water
electrolyzers, with potential for utilization in other applications,
such as storage systems, redox flow batteries, and water
desalination.1−9 Although their ionic conductivity is not
comparable yet to that of proton exchange membranes
(PEMs),10 AEMs are appealing alternatives due to their
improved kinetics for the oxygen reduction reaction, the
absence of precious metal catalyst, the lower costs, and the
minimization of corrosion problems in alkaline environ-
ment.11−13

AEMs contain positively charged functional groups that
facilitate the passage of anions from the cathode to the anode
in the membrane−electrode assembly.14 These functional
groups are generally quaternary ammonium (QA) ions,
although alternative cationic groups are being investi-
gated.15−19 Among the AEMs with QA head groups,
polyamine (PA)-based AEMs have been synthesized by the
modification of polyketone via Paal−Knorr condensation
reaction.1,3,5,20−26 These membranes are functionalized by
trimethylammonium quaternary groups via a methylation
reaction, followed by an OH-exchange process (Scheme 1).
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Scheme 1. Functionalized PA Single Monomer, with
Trimethylammonium Head Group and a Pyrrolic Ring in
the Backbone
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The interest in PA membranes mainly relies on the use of
inexpensive and easily modifiable polyketone as a starting
material to tailor the properties of the final polymer. Moreover,
PA membranes have high dimensional stability and can
withstand temperatures up to 200 °C,1 despite displaying
lower conductivity compared to PEMs.1,3,22,24,26

Computational modeling has proven to be a powerful tool to
unfold both static and dynamic properties of polymer
membranes.27 Classical molecular dynamics (MD) simulations
have been widely conducted to provide a better understating
and insights into the different properties of PEMs and AEMs.28

For instance, Rezayani et al.10,29 performed atomistic-level MD
simulations on poly(2,6-dimethyl-1,4-phenylene oxide) with
QA pendant chains (PPO−QA). They investigated the role of
the hydrated morphology and the pendant cationic groups in
ion diffusion in AEMs. Kuo et al.30 analyzed the morphology of
hydrated perfluorosulfonic acid (PFSA) membranes with
increasing water content, using all-atom MD simulation on
large simulation boxes. Di Salvo et al.31 applied ab initio
density functional theory (DFT) analysis and MD simulations
to analyze the effect of ion exchange capacity (IEC) on water
uptake and ionic transport in polysulfone−tetramethylammo-
nium membranes. Zhang et al.32 used MD simulation to
understand the correlation between poly(arylpiperidinium)
backbone and the performance of the AEM, in terms of ionic
conductivity and swelling resistance. Feng et al.33 investigated
the mechanical behavior of hydrated PFSA membranes for
PEMFCs. Finally, Dong et al.34−36 used combined reactive and
nonreactive polarizable force fields to estimate the contribution
of Grotthuss and vehicular diffusion mechanisms in AEMs.
PA has been previously analyzed by means of ab initio

DFT37 to investigate the impact of the different monomer
regions on water uptake, ionic transport, and degradation
mechanism. The results pointed out the significance of QA
groups in water cluster formation and conductivity, while the
carbonyl groups, though hydrophilic, do not participate in the
diffusion of hydroxide species. On the other hand, the
hydrophobic backbone permits the nanophase segregation of
the membrane and the repulsion of the ions into the water
channels.
The properties of the membranes are closely related to the

chemistry of the polymer and the morphology under hydrated
conditions. The development of an interconnected water
network is a critical factor for water and ion transport through
the system.10

In this study, all-atom MD simulations were used to
investigate various features of the membranes, including

nanophase segregation, transport, and mechanical properties,
under the influence of hydration level, degree of amination,
and temperature.
To date, most of the studies have been conducted using

small simulation boxes (<10 nm side), due to the difficulties
and high computational costs encountered by simulating large
cells.30 In this work, we examined the effect of system size on
the different simulations and found that larger cells (∼20 nm
cubic box length) are required for mechanical properties, while
smaller systems (∼6 nm) are sufficient for transport properties
and morphology analysis.
This study provides a starting point for an optimized design

of AEMs, aimed at an overall improvement in the performance
of the electrochemical device.

■ COMPUTATIONAL METHOD
Simulation Details. In this study, we simulated a variety of

PA membranes with different degrees of amination (10, 30,
and 50%). The percentage represents the number of functional
groups present in the polymer chain. The structure of the
single ionized PA monomer was initially optimized by running
ab initio calculations based on DFT.37

Random copolymer chains were obtained alternating ionized
and nonionized monomers. Each chain has a degree of
polymerization equal to 20, with 2, 6, and 10 QA groups,
respectively. All QA groups are supposed to be fully ionized,
while no neutral amine groups are present. To grant
electroneutrality, one OH− ion per QA group was added to
the system.
All simulation cells contain 30 polymer chains and the

corresponding number of hydroxide anions based on the
degree of amination. Four hydration levels are investigated (λ
= 6, 9, 12, 15), where λ is defined as the number of water
molecules and hydroxide anions per cationic group. The details
of the simulated structures are listed in Table 1.
The initial cubic boxes with periodic boundary conditions

were generated using the Amorphous Builder tool of Materials
Studio MedeA software.38 The polymer chains, hydroxide
anions, and water molecules were randomly arranged in a cell
with an initial low density (0.2 g/mL) to avoid any problem of
ring concatenation and polymer entanglements.39

All-atom MD simulations were carried out using the large-
scale atomic/molecular massively parallel simulator
(LAMMPS).40 The pcff+ force field41,42 was employed for
both polymer and solvent molecules, and the individual atomic
charges assigned by the chosen force-field were adopted. The
equations of motion were integrated using the velocity Verlet

Table 1. Details on the Structure and Composition of Simulated Membranes

membrane degree of amination (%) λ OH− ions H2O molecules total atoms single-cell size [nm]

membrane 1 10 6 60 300 9600 4.49
membrane 2 10 9 60 480 10,140 4.56
membrane 3 10 12 60 660 10,690 4.64
membrane 4 10 15 60 840 11,220 4.72
membrane 5 30 6 180 900 15,480 5.19
membrane 6 30 9 180 1440 17,100 5.39
membrane 7 30 12 180 1980 18,720 5.61
membrane 8 30 15 180 2520 20,340 5.73
membrane 9 50 6 300 1500 21,360 5.77
membrane 10 50 9 300 2400 24,060 6.01
membrane 11 50 12 300 3300 26,760 6.24
membrane 12 50 15 300 4200 29,460 6.46
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algorithm.43 The long-range Coulombic interactions were
computed via the particle−particle/particle−mesh method44

with an accuracy of 0.00001. The van der Waals interactions
were described via the 6/9 Lennard-Jones potential45 with a
cutoff distance of 1.0 nm. The temperature and the pressure of
the systems were controlled using the Nose−Hoover thermo-
stat and barostat46 for the canonical ensemble (NVT) and the
isothermal−isobaric ensemble (NPT).47
An initial energy minimization was performed, followed by

an NPT relaxation at T = 293, P = 1 atm, and a time step of 1.0
fs. The minimization was executed for 1 ns to gradually
compress the cell to a density approaching the experimental
value (∼1.1 g/cm3). Equilibration was reached through an
annealing process from 293 to 600 K, with temperature steps
of 100 K, via alternating NVT and NPT ensembles. The
procedure was repeated three times, to confirm that the density
had attained a constant value.30,47 This operation was required
to fully relax any residual stress that might be introduced
during the construction of the model. An additional 100 ns of
NPT ensemble at 300 K and 1 atm were conducted to achieve
further equilibration.30 The relaxed structures were used for
subsequent dynamic analysis, calculating diffusion coefficients,
and Young’s moduli at different temperatures (from 293 to 393
K).
Three cells of varying dimensions were analyzed to

determine the effect of the system size on the properties.
The medium (2 × 2 × 2) and large (3 × 3 × 3) simulation
boxes were generated by replicating the structure of a single
cell. Additional details on the density, size, and number of
atoms for each cell are provided in Table S1.
Simulation Analysis. Morphology, Radial Distribution

Function, and Coordination Number. The radial distribution
functions (RDF) and the coordination numbers (CN) of
selected atom pairs were obtained with LAMMPS. The RDF
gA→B(r) indicates the local probability density of finding atoms
B at a distance r from atoms A, averaged over the equilibrium
trajectory, as expressed by eq 1

=g r
n
r r

N
V

( )
4

/A B
B
2

Bi
k
jjj y

{
zzz i

k
jjj y

{
zzz

(1)

The CN denotes the total number of neighbors of a
reference particle within a certain distance r, and can be
calculated as48

= N
V

r g r rCN 4 ( ) d
r

0

B 2
(2)

The N−OOH RDF provides information on the solvation of
the cationic group by OH− ions; the OOH−OW RDF defines
the solvation of the anionic species by water molecules (Ow);
the Ow−Ow RDF probes the formation of water clusters and
can be used to investigate the internal structure of water phase;
finally, the N−N RDF enables quantification of the swelling of
the membrane upon water uptake or temperature increase. In
addition, the CN of the OOH−OW couple were analyzed to
quantify the number of water molecules presents in the
solvation shell of the anionic species; the N−N CN provides
information on the overlapping of the hydration shells of
neighboring side chains; and the N−OOH CN suggests the
sharing of hydroxide anions between two different cationic
groups.

Potential Mean Force. The potential mean force (PMF) is
a powerful tool to quantify the strength of the interaction

between the hydroxide anion and the QA group in terms of the
free energy of dissociation. It is calculated from the N−OOH
RDF, according to the eq 449

= RT g rPMF ln( ( )) (3)

where R is the gas constant, T is the temperature, and g(r) is
the N−OOH RDF.

Diffusion Coefficient. The water and hydroxide diffusion in
AEMs occurs by means of two main mechanisms, namely
vehicular diffusion and hopping (Grotthuss) mechanisms.50−56

Vehicular diffusion is a physical process that is driven by
pressure and potential gradients. The Grotthuss mechanism,
instead, is a chemical process that involves the continuous
formation and breaking of hydrogen bonds between OH− and
the water molecules. In the present work, the pcff+ force field
was employed to qualitatively probe the vehicular diffusion
only, which constitutes a fraction of the overall ionic
conductivity.30,31 A reactive force field is more suitable for
studying processes involving chemical reactions.36,48,57,58

However, at present, we think that a qualitative analysis is
enough for the scope of this review, which is to prove the
opposite trends of ionic conductivity and mechanical stability
of the membrane. Overall, a similar trend is expected, even
though Grotthuss mechanism is significantly enhancing ion
diffusivity, as proved by other works.34−36,57

The self-diffusion coefficients of hydroxide anions and water
molecules are calculated following the mean square displace-
ment (MSD) route.10,29,59

= | | =t r t r dDtMSD( ) ( ) (0) 2j j
2

(4)

where r is the position of the particle j at time t or 0, D is the
diffusion coefficient, and d is the topological dimension, equal
to 3 in the case of three-dimensional diffusion.
The MSD curves were computed using LAMMPS software,

and the self-diffusion coefficients were derived from the long-
time linear slope of the MSD curve, according to Einstein’s
relation

=
| |

D
r t r

t

( ) (0)

6
j j

2

(5)

The above equations apply to uniform normal diffusion in a
3D Brownian motion.
However, in polymeric systems, the Fickian regime is often

not achieved, especially at lower temperatures and hydration
levels. This can be attributed to various phenomena, such as
side chain hindrance, electrostatic interactions between anions
and cationic groups, and confinement at the nanoscale.10,29,60

In these cases, it would be more correct to employ the
generalized form of Einstein’s relation, which introduces a
time- and length-scale-dependent anomalous diffusion coef-
ficient (Da) and an anomalous diffusion exponent (n), given by
the slope of the logarithmic plot of the MSD

= | | =t r t r D tMSD( ) ( ) (0) 2dj j
n2

a (6)

=n t
r t

t
( )

dln ( )
d ln

2

(7)

A value of n < 1 is an index of a subdiffusive regime.
Whereas as n approaches 1 the normal (Fickian) diffusion
regime could be assumed. The values of anomalous diffusion
exponents were calculated to quantify the deviation from
normal diffusion.
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Mechanical Deformation. Investigating the structural
integrity of hydrated membranes under different operating
conditions is crucial, as they are susceptible to many physical
and chemical degradation mechanisms.33,61,62 The mechanical
properties are closely related to the hydration level, temper-
ature, strain rate, and polymer chemistry. MD simulation at the
atomic level is a valuable technique for determining the impact
of these parameters on fundamental properties, such as the
elastic modulus, yield stress, and yield strain. However, due to
the use of necessarily short length and time scales and a fast
strain rate typical of MD, results cannot be directly compared
with experimental values as they relate with very small
representative volume elements far from the mesoscopic

scale. Nevertheless, MD outcomes preserve a somewhat
general qualitative validity at a smaller length scale.
The simulations were conducted on 3 × 3 × 3 supercells

applying a constant engineering strain rate of 10−7/fs in the x
direction. Zero pressure was maintained in the other directions
to allow for box striction. The tensile axial deformation was
applied for 3 ns. An NPT ensemble with a Nose−Hoover
thermostat was used to keep a constant temperature during
deformation. For the simulations at different temperatures,
alternating NPT and NVT ensembles were executed prior to
strain application to reach the desired temperature and further
relax the structure.

Figure 1. Membrane 6 with three different sizes: (a) single cell, (b) 2 × 2 × 2 supercell, and (c) 3 × 3 × 3 supercell, with dimensions of 5.4, 10.8,
and 16.2 nm, respectively.

Figure 2. Nanophase segregation of membranes varying the degree of amination and the water content λ.
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Size Effect Analysis. The effect of the system size was
investigated before conducting the different simulations. While
size has no influence on the morphology of membranes,30 an
examination was carried out for the dynamic properties.
Membrane 6 (having the average parameters) was selected

for simulations with three different cell dimensions. The
starting geometry was a single cell with a side length of 5.4 nm.
The larger cells, 2 × 2 × 2 and 3 × 3 × 3 supercells, have
dimensions of 10.8 and 16.2 nm, respectively (Figure 1).

Diffusion and mechanical tests were performed on the three
systems, and the results are shown in the Supporting
Information. No significant changes were observed in diffusion
coefficients, but system size strongly affected mechanical
properties. Increasing the dimension of the simulation cell
reduced the boundary effects and allowed for the use of a lower
strain rate (10−7/fs instead of 10−9/fs used for the single cell),
approaching the order of magnitude of experimental Young’s
moduli (Figure S1).

Figure 3. N−N (a), N−OOH (c), OOH−OW (d), and OW−OW (e) RDFs and CN (dashed lines) of membranes with 30% of amination and variable
water content; (b) N−N RDF and CN of membranes with λ = 15; and (f) N−N RDF of membrane 7 with variable temperature (refer to Table 1
for membranes specifications).
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In conclusion, simulations of the static and transport
properties were carried out using a single cell system to
reduce the computational costs. Conversely, the mechanical
properties were simulated using the larger (3 × 3 × 3) cells, to
ensure more accurate results.

■ RESULTS AND DISCUSSION
Validation of the Simulations. The final structures of the

fully relaxed systems were validated by comparing the
simulated density to experimental data. The experimentally
measured density for hydrated membranes at room temper-
ature ranged between 1.10 and 1.20 g/cm3, while dry
membrane has a density of 1.11 g/cm3. In comparison, the
computed densities after annealing processes and 100 ns NPT
simulations ranged between 1.08 and 1.11, and 1.08 g/cm3 in
dry conditions, in good agreement with experimental results.
The equilibrium densities for the systems at various

hydration levels are reported in Table S1 and Figure S2.
Regardless of the degree of amination, all simulated
membranes exhibited a decrease in density as the water
content increased. This behavior is explained by the formation
of larger water clusters and channels that expand the
membrane and reduce the average density of the simulated
system. The only exception was the system with a 10%
amination. An increase in density was observed as λ shifted
from 6 to 9, due to the initial filling of the void spaces formed
within the material. The addition of water after the voids are
filled leads to the weakening of interchain interactions causing
membrane swelling.63 This trend is consistent with other
simulations reported in the literature.49,64 A further validation
of the force field used was provided by a comparison of RDF
results with DFT and reactive force field analyses, as discussed
in the following sections.
Morphology of Hydrated Membranes. Figure 2 shows

the simulation boxes after a full relaxation, showing the
nanoscale morphology of the water clusters and channels
formed inside the membranes upon water uptake. At low
hydration levels (λ = 6), small and isolated water clusters are
dispersed throughout the membrane. By increasing water
content, the hydrophilic network becomes more and more
interconnected, forming a hydrophilic pathway for ionic
transport. Particularly, membranes with 10% of amination
exhibited a developed water network only at λ = 15, indicating
that the diffusion of water molecules and anionic species does
not occur at lower water content. In contrast, the hydrophilic
network is already formed at lower values of λ for the
membranes with 30 and 50% of amination.
RDF and CN. The results of the N−N RDF of membranes

with 30% amination and varying water content are displayed in
Figure 3a.
Two peaks, at 6.7 and 8.2 Å, are visible at the lowest value of

λ (membrane 5). As water content increases, the peaks weaken
and merge into a single peak, shifting toward higher distances
(from 6.7 to 8.7 Å at λ = 15), indicating a progressive increase
in the distance between the QA groups. This effect can be
attributed to membrane swelling upon water uptake,
consistently with the literature.10 The same behavior was
observed for membranes with 10 and 50% amination (Figures
S3a and S4a).
Figure 3b shows the CN trends of the N−N couple for all

membranes with λ = 15. Correspondingly to the first peak,
membranes with 30 and 50% amination both exhibit CN ∼ 2,
while CN ∼ 1 is observed for the membrane with 10%

amination. In the second case, the distance between the amine
groups is greater and the hydration shells of neighboring side
chains are not overlapping, which could be the reason for the
much lower diffusivity. In fact, Chen et al.64 demonstrated that
these overlapping regions constitute the preferential pathway
for anionic conductivity.
The N−OOH g(r) is shown in Figure 3c. The stronger peak

at 4.9 Å in membrane 5 suggests that hydroxide ions are
positioned near the QA head groups, consistent with the
results from ab initio simulations.37 As the hydration level
increases, the peak weakens and shifts over longer distances.
This is attributed to the solvation effect of water molecules,
which reduces the electrostatic interaction with the cationic
group. At higher degrees of amination (Figures S3b and S4b),
the significant lowering of the peak intensity is a clue for a
weaker N−O interaction. In all cases, a second weak peak (a
shoulder) was observed at ca. 6.5 Å, corresponding to a second
hydration shell of the cationic group. The N−OOH CN in
correspondence with the second peak is ∼2, further
demonstrating the overlapping of the solvation shells of
neighboring side chains.49 Figure 3d displays the OOH−OW
RDF. All membranes exhibit a distinct peak at approximately
2.6 Å, which decreases in intensity as the water content rises.
This peak is attributed to the first hydration shell of water
molecules surrounding the OH−, and the reduction in the
intensity is due to the solvation effect of H2O. A second weaker
peak, attributed to the second hydration shell of the ionic
species, was observed at 4 Å. A CN of 4.5 is always present in
the first hydration shell. The lower value of CN in
correspondence with the second peak for λ = 6 indicates
that the second hydration shell is not well developed in this
case.
OW−OW g(r) of the OW−OW and CN are shown in Figure

3e. The sharp peak at 2.7 Å and the weaker peak at ∼5.2 Å
represent the first and second hydration shells of water
molecules, respectively. The increasing CN at higher λ suggests
the formation of larger water clusters.
Additionally, the thermal expansion of membrane 7 was

investigated by determining the N−N RDF at varying
temperatures (from 293 to 393 K), as shown in Figure 3f.
As the temperature increases, the main peak shifts from ∼7.8
to ∼9.0 Å, indicating a thermal expansion of the membrane.
However, the effect of temperature is not as significant as that
of water uptake. This could be assigned to the thermal stability
of the membrane, as proved by experimental measurements.47

The RDF results were utilized to validate the pcff+ force
field parameters. The main peaks of the OOH−OW, OW−OW,
and N−OOH of membrane 5 were compared to the distances
resulting from quantum chemical calculations of a single PA
monomer. The structure, interacting with one OH− and five
water molecules (λ = 6), was subjected to geometry
minimization. DFT analysis was carried out with ORCA
software65 using Becke-3-parameter−Lee−Yang−Parr
(B3LYP) functional and 6-311G** basis set. The charge-
dependent atom-pairwise dispersion correction (D4) by
Grimme66 was used to include dispersion forces. The results
(Table S2) prove the effectiveness of the pcff+ force field.
A final validation was carried out using a reactive force field.

The ReaxFF parameters were taken from Zhang et al.,36 which
have been developed for the analysis of hydrated AEMs. The
previously optimized cells have been prepared for the
transition to ReaxFF following the procedure developed by
Pisani et al.67 To avoid cell explosion at high temperatures, the
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structures were initially cooled at 0.3 K with the NVT
ensemble for 2.5 ns, using the pcff+ force field. Then, the force
field was switched to ReaxFF and the cells were heated to 293
K with 500 ps of NVT followed by 1 ns of NPT at 1 atm.
The density and RDF were compared to those obtained with

pcff+. The resulting density (∼1.17 g/cm3) is slightly higher
than that obtained with pcff+, but still in good agreement with
the experimental values. The increase in density is due to the
stronger interaction arising among the atoms, as confirmed by
the RDF results (Figure S5). This is demonstrated by peaks of
N−O and N−N g(r) at smaller distances compared to pcff+,
proving that a stronger interaction is arising between charged
groups.
Potential Mean Force. The PMF (kJ/mol) profiles are

shown as functions of the N−O distance r (Å) in Figure 4a,b.
The minimum PMF values for each structure are shown in
Figure 4c and the corresponding values are reported in Table
S3. The lower the depth of the well in the PMF profile, the
weaker the electrostatic interaction between the cationic group
and anionic species. As the water content increases, the
interaction becomes weaker. This implies that the hydroxide
can more easily dissociate from the functional group, and
better conductivity is expected. An increase in the level of

amination leads to reduced electrostatic interaction, but this
behavior is presumably connected to the higher water uptake
favored by the presence of more functional groups. A much
stronger interaction is observed in membranes with 10%
amination, while no significant difference was discerned
between 30 and 50% amination.
Vehicular Diffusion Coefficient. The vehicular diffusion

coefficients of both water molecules (DW) and OH− ions
(DOH) were calculated via the MSD route. The MSDs were
derived from 10 ns NVT runs for all membranes at various
temperatures, ranging from 293 to 393 K, with temperature
steps of 20 K. The dynamic analysis was anticipated by
alternating NVT and NPT ensembles to gradually reach the
desired T and stabilize the structure.
The MSD curves of water molecules (a) and hydroxide

anions (b) for membrane 3 at variable temperatures are
displayed in Figure S6. The diffusion coefficients were
obtained from the long-time region slope of the MSD curve,
as short-time regions characterize a subdiffusion behavior
where hydroxide anions are simply rattling among water
molecules.49

Figure 4. PMF of (a) membranes with 30% of amination and variable hydration level λ and (b) membranes with λ = 9 and variable degree of
amination; and (c) minimum (absolute) values of PMF for membranes with 10 (black), 30 (red), and 50% (blue) of amination, as a function of the
level of hydration λ (refer to Table 1 for membranes specifications).

Figure 5. Diffusion coefficients log(D) computed at different temperatures for (a) water molecules and (b) hydroxide anion (refer to Table 1 for
membranes specifications).
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The diffusion coefficients were subsequently calculated using
the simple Einstein’s relation. The obtained results are shown
in Figure 5 and reported in Table S4 (at 293 and 393 K).
As expected, DOH is lower than DW, due to the electrostatic

interaction of the anions with the cationic groups and the
stronger solvation structure. Moreover, an increase in the
temperature and hydration level is responsible for a relevant
increase in diffusivity. This becomes more significant when
approaching water bulk conditions. On the contrary, at lower
water contents the tortuous structure of the hydrophilic
channels, or the isolated clusters, is blocking vehicular
diffusion. Overall λ has a greater impact than the degree of
amination. In fact, comparing membrane 11 (50% amination
and 3300 H2O molecules) with membrane 8 (30% amination
and 2520 H2O molecules), the latter demonstrated higher
diffusivity (7.82 × 10−7 cm2/s, compared to 6.63 × 10−7 cm2/s,
at 393 K). In the first case, the water−QA electrostatic
interaction is stronger, as suggested by the PMF analysis, and
the vehicular diffusion is slowed down. The PMF curves for the
two systems are displayed in Figure S7. On the other side, a
slight decrease of DOH is observed at higher amination and
lower λ (comparing membranes 5 and 6 with membranes 9
and 10, respectively) (Table S4). In these cases, the
electrostatic interaction is stronger for membranes with 30%
amination (Table S3). Therefore, the trend of diffusivity may
be ascribed to the lower mobility of polymer chain since more

pyrrolic rings are introduced into the backbone.22 The higher
diffusion coefficient at larger water content (membrane 12)
can be attributed to a more developed hydrophilic network,
which contrasts the effect of lower mobility. With 10%
amination, the diffusion is lower, and accordingly, a higher
degree of functionalization is required to grant a higher ionic
conductivity.
Despite the absence of the Grotthuss mechanism in the

simulation with pcff+, which should provide a consistent
contribution to overall conductivity, the general trend of the
OH− diffusion coefficient is not expected to change
dramatically as a function of level of hydration, amination,
and temperature.
Different studies64,68,69 proved that both OH− and H2O

diffusion become faster as temperature increases, due to a
reduction of the activation energy associated with ion hopping.
Water content plays an important role, and in particular the
nanophase segregation between hydrophobic and hydrophilic
regions. Even though Grotthuss mechanism enables a faster
transport of hydroxide species through narrow bottlenecks in
water channels,35,70 both theoretical and experimental studies
proved that the overall conductivity increases with growing λ
and in the presence of well-defined water channels.36,53,58,71,72

The increase in amination degree and IEC is generally
expected to improve the ionic conductivity.31,73,74 For PA
membranes, however, a growth in IEC is associated with a

Figure 6. Stress−strain curves as a function of (a) hydration level, (b) temperature, and (c,d) degree of amination at λ = 9 and 15, respectively.
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reduced chain mobility due to the introduction of N-
substituted pyrrole units, which in turn reduces the ionic
conductivity above certain values of IEC and at relatively low
λ. The experimental findings by Zhou et al.21,22 are in
accordance with our simulations. As a result, no major
variation in the trend of diffusivity is expected due to the
exclusion of the Grotthuss mechanism.
To conclude, the anomalous diffusion exponents (n) were

computed from the slope of the log−log MSD plot at long-
time regions (Figure S8), to quantify the deviation from
normal diffusion. At high λ and amination degrees, the values
approach unity (0.8 < n < 1), and we can assume the results
obtained with simple Einstein’s relation to be correct. Instead,
at lower levels of hydration and amination the value of n is far
from unity, suggesting a deviation from normal diffusion. In
this respect, the modified Einstein’s relation should be used,
which in turn would provide lower values of diffusion
coefficient.
Mechanical Analysis. Despite the discernible benefit in

terms of diffusivity, excessive water uptake could cause an
overswelling of the membrane and irreversible plastic
deformation.31 Mechanical analysis was performed to assess
whether the improved conductivity would be offset by a
worsening of the mechanical properties of the membrane.
The obtained stress−strain curves are shown in Figure 6.

Only the elastic region has been investigated in this study,
which is sufficient for a first qualitative analysis.75 The
intention of this work is to analyze the dependency of Young’s
modulus on the different parameters, which is depicted in
Figure 7, and the numerical values of the computed moduli are
reported in Table S5.
Figure 6a shows the influence of the hydration level (λ = 6,

9, 12, 15) on the mechanical properties of the membranes with
30% amination and at constant T = 293 K. The water inside
the hydrophilic channels has a softening effect. Accordingly,
both the Young’s modulus and the yield stress decrease. The
effect of water content is much stronger between λ = 6 and 9,
whereas it is attenuated at higher hydration levels (Figure 7a).
Figure 6b shows the effect of temperature on membrane 7, at
293, 353, and 393 K. Temperature also has a softening effect,
but lower compared to that of λ. The obtained results are
consistent with the data available in the literature and with
experimental observations.30,33,61,75

Figure 6c,d outline the effect of amination’s degree on the
mechanical properties, at constant room temperature and λ
equal to 9 and 15, respectively. An increased number of QA
groups was expected to significantly deteriorate the mem-

brane’s mechanical properties due to the higher water uptake.
However, the effect of amination is minor despite the large
difference in water content. For instance, the decrease in
Young’s modulus is considerably greater between membrane 6
and membrane 8 than between membrane 6 and membrane
10, even though membrane 10 contains more water molecules
(Figure 7a,c). This behavior can be attributed to the presence
of the pyrrolic rings in the polymer backbone (Scheme 1) that
balance the softening effect of water. Additionally, the presence
of hydrogen bonding between the functional groups may
enhance the membrane’s mechanical stability.25

The Young’s modulus at λ = 15 is shown in Figure 7c. A new
membrane (membrane 13) with 70% amination has been
simulated, with further details provided in Table S6. In this
case, the excessive softening of the membrane is not balanced
by a significant increase in diffusivity. Membranes with 30 and
50% of amination show, instead, comparable values of Young’s
modulus. Therefore, it can be concluded that 30−50% of
amination is a reasonable compromise between good
mechanical properties and enhanced ionic conductivity.

■ CONCLUSIONS
In the present article, all-atom MD simulations were carried
out to investigate both static and dynamic properties of
hydrated PA-AEMs. The structural, diffusion, and mechanical
properties were explored as a function of the level of hydration
λ, the degree of amination of the polymer, and the
temperature. The static analysis confirmed the formation of
interconnected hydrophilic channels as the water content and
amination of the membrane increased, creating a continuous
pathway for ionic transport. However, at a lower degree of
amination (10%), this condition was attained only at the
highest λ, indicating that higher levels of amination are
necessary to ensure ionic transport.
Dynamic simulations showed that the diffusion coefficients

and the mechanical stability of hydrated membranes manifest
opposite behavior as a function of the water content,
temperature, and polymer chemistry. A suitable compromise
between the enhanced conductivity and good mechanical
properties must be reached. At 10% amination, the diffusion
was too low, and 70% amination caused an excessive
deterioration of the mechanical properties. Therefore, we can
reasonably conclude that a good compromise can be found
with 30% amination, which allows for an optimal balance of
diffusivity and mechanical stability, with a reduced reaction
time.

Figure 7. Young’s modulus (MPa) as a function of (a) hydration level λ, (b) temperature, and (c) degree of amination with λ = 9 and λ = 12.
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