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Abstract

In recent years, the field of process engineering has witnessed an exponential increase in the usage of ion-
exchange membranes (IEM) in light of their pivotal function in green technologies such as electrodialysis
(ED), reverse electrodialysis (RED) and fuel cells. One of the key parameters in [EMs performance is the
equilibrium water uptake (w,,) as this has been shown to have a prominent effect on some of their
fundamental properties such as ionic diffusivities. In this work, we have elaborated a molecular dynamics
(MD) protocol to reliably predict the water uptake of IEMs by considering a polysulfone (PSU)
functionalized with tetramethylammonium (TMA) anion-exchange membrane (AEM) compensated with
chloride anions as case study. The procedure led to good agreement with reported experimental data in a
wide range of ion-exchange capacities (IEC) and improved the results with respect to the DFT-based
approach developed in our previous work. The issue of considering too thin membrane models compared to
the actual IEM was found to be relevant and was addressed by proposing an ad-hoc simulation setup; this
allowed to reconcile results accuracy with reasonable computational costs. Finally, the computed w,, were
used to evaluate chloride counter-ion diffusivities within three different theoretical frameworks (the Mackie-
Meares, Yasuda-Lamaze-lkenberry and Manning-Meares models) and it was found that a satisfactory
agreement with experiments can be achieved. This confirmed the potential of the current strategy to predict
the w,, and ion diffusivities in IEM without resorting to experimental data, thus paving the way towards a

computationally driven design of new membranes.
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1. Introduction

Homogeneous monopolar ion exchange membranes (IEM) are dense polymeric materials that have fixed
charged groups covalently attached to their backbone. lon transport in IEMs is highly selective due to the
presence of fixed charges that tend to repel ions with the same charge sign as theirs. This behavior makes
these materials appealing for numerous green economy applications such as electrodialysis (ED) for water
desalination and wastewater treatment [1-3], reverse electrodialysis (RED) for harvesting energy from

salinity gradients [4—6], and fuel cells [7-9].

When the membrane is soaked in an aqueous solution, it absorbs the solvent in a quantity proportional to the
concentration of fixed charges they contain. This arises from the strong electrostatic interactions between the
charged groups and the polar water molecules [ 10—12]. The water content is a critical property of IEMs as it
has major effects on the overall efficiency of the processes in which they are employed [13—15]. In
particular, the membrane water uptake (w,,), namely the mass of water absorbed per unit mass of polymer,
has been shown to drive an intrinsic permselectivity-conductivity tradeoff in IEM [16,17]. If on the one hand
mounting presence of water inside the membrane contributes to weaken the Donnan exclusion, ultimately
leading to reduced permselectivity [18,19], on the other it favors ions transport inasmuch they almost
exclusively diffuse through the aqueous phase formed upon water sorption rather than through the polymer
network; it follows that, with increasing water content, the movement of ions is enhanced, generally leading

to higher ions diffusivities (conductivity) in highly swollen membranes [20,21].

Despite its proven relevance, in most computational studies the w,, is considered as an adjustable parameter
or experimental data are relied upon to build the models; although this is a rather convenient procedure, it
also causes the modelling to partially loose its predictive power. In our previous articles [22,23], we had
developed a DFT-based approach aimed at predicting ab initio this quantity, namely without resorting to
experiments or adjustable parameters. Albeit the approach represented a significant improvement in
comparison to the state-of-the-art, it is also intrinsically not capable of capturing some of the physical
responses of the polymer membranes. In particular, the DFT approach predicts a constant number of water
molecules per fixed charged group, expressed by the membrane hydration number (A), regardless of the ion
exchange capacity (IEC) of the membrane, that is the concentration of fixed charges in the polymer
(generally expressed in mmol per g of dry membrane). However, with increasing IEC, the average distance
between functional groups in the membrane becomes smaller and thus the clusters of water molecules
coordinated by a single charged group tend to merge, eventually forming actual water pockets within the
polymer matrix [24]. Therefore, the w,, is not simply the product of the water molecules that an isolated
charged group would coordinate times the total number of charged groups, but it also includes a surplus due
to the formation of the water pockets, that becomes more relevant with increasing IEC. Experimental
observations confirm this mechanism by showcasing larger values of A with increasing IEC of the polymer
membrane [25]. The DFT-based approach, on the other hand, cannot capture this behavior as it considers just

one monomer of the polymer and not its surrounding environment. Even more importantly, our DFT
2
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calculations were performed at T = 0 K. In our previous study [23], A was obtained by determining how
many water molecules were strongly coordinated to the fixed charge (i.e., that were found within a cutoff
distance from it, calibrated in respect to H-bonds obtained from QM calculations) upon DFT geometrical
optimizations and this approach led to an overestimation of w,, in respect to experiments for this type of
IEM. This was ascribed to the fact that, while appearing firmly bound to the charged group at 0 K, at room
temperature some water molecules might escape from the fixed charge coordination shell and thus would not
be considered for the calculation of A. It is worth noting that the water molecules escaping from the DFT

coordination shell at T = 300 K would not contribute to the calculated global w,,.

Additionally, it is common practice in MD studies of IEM to rely on the mean square displacement (MSD) of
chemical species to deduce their diffusivities. Nonetheless, the calculation of MSD trajectories from which
diffusivities can be extracted is rather computationally expensive, as long simulations (generally in the order
of 102 ns) are required to reach the Brownian diffusion regime, which is the precondition for which
diffusivities can be rigorously computed from the MSD. Secondly, precautions must be taken for a proper
application of this approach [26], leading to the risk that the results are influenced by computational artifacts.
In light of these considerations, it would be auspicious that an alternative way to give predictive estimations

of 1onic diffusivities was found.

The purpose of this article is to propose a novel approach, in which an accurate estimate of the membrane
water content obtained computationally is coupled with existing analytical models (the Mackie-Meares [27],
Yasuda-Lamaze-Ikenberry [28] and Manning-Meares [29] models) to deduce ionic diffusivities in IEMs. The
strategy presented in this work aims at addressing the flaws of the DFT approach mentioned above by
employing a new molecular dynamics (MD) protocol and to assess to which extent this strategy is effective
in simulating the swelling in water of IEMs and predicting ionic diffusion coefficients. To the best of our
knowledge, this is the first computational study that employs MD simulations to predict the w,, in IEM with
changing IEC by explicitly modelling the water-membrane interface. This approach, in contrast to the DFT-
based methodology, on the one part permits to simulate larger systems thus considering not just a single
monomer but a vast chemical environment, and, on the other, to take into account the effect of temperature
and pressure. The employment of analytical models allows to deduce, from computational studies carried out
at the nanometric scale, a macroscopic property such as diffusivity bypassing the classical yet tricky
calculation of the MSD. We are aware that analytical models are not devoid of limitations, but their
application is intended here to free the calculation of diffusivities from the inaccuracies that arise from the
description of a macroscopic system at the nanometric scale, which is intrinsic of the MD simulations. The
diffusivities calculations via analytical models avoid the reproducibility tests involving several simulations
boxes necessary to test reproducibility, while cutting dramatically the time allocated to non-equilibrium MD
calculations of the MSD. This latter aspect is particularly relevant if predictions of ionic diffusivities in

several materials have to be performed.
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2. Computational methods
2.1 AEM model

The membrane simulated in this study is composed of a polysulfone polymer backbone fuctionalized with

tetramethylammonium (PSU-TMA), whose chemical structure is depicted in Figure 1.

OFOHO-OIORO
OFOH- OO

Figure 1. Chemical structure of bare PSU (top) and PSU functionalized with
TMA (bottom).

A single polymer chain was made of 157 monomers following the experimental molecular weight of Udel-
P1700 polysulfone (69.5 kDa), commonly used in the synthesis of polysulfone-based anion exchange
membranes [30-32] . Each membrane model included three identical chains and the IEC was determined by
changing the ratio of PSU and TMA-functionalized PSU monomers. The positive charges of the TMA
groups were balanced by chloride anions. Uphill of the swelling simulations, the membrane models were
equilibrated according to the following procedure based on previous works [33]: (1) an initial steepest
descent energy minimization, (2) a 100 ps NVT at 800 K, (3) a 50 ps NVT with temperature decreasing from
800 to 300 K, (4) a 150 ps NVT at 300 K and (5) a 250 ps NPT at 1000 bar and 300 K. Steps (2)-(5) were
repeated until a stable response on density was achieved, for which it was generally found that 10-15 of such
cycles were necessary. Finally, an 8 ns NPT at 1 bar and 300 K was performed to reach the final structure at
ambient conditions. At the start of the equilibration, the box vectors were set in a ratio of 1:1:2 in the x, y and
z directions respectively, so that the final membrane had its z dimension 2 times larger than its other
dimensions. This was done to enhance the thickness of the membrane which was important to be kept as
large as possible. The membrane models with IEC = 0.8, 1.34 and 1.9 mmol/g reached final densities of
1094, 1097 and 1069 kg/m3, respectively; the models’ densities were substantially constant with changing
IEC and reasonably close to the experimental value of polysulfone corresponding to 1240 kg/m3 [34]. The
box dimensions were about 5.8X5.8X11.6 nm? for all the membranes. Initial configurations of the linear
chains were generated with Assemble [35] and MD simulations were performed in GROMACS 2020.4 [36].
Potential forms for the all-atom force field were chosen based on our previous articles [22,23]. Inter- and
intra-molecular potential parameters of the polymer were described by the generic Dreiding [37] force field

4
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and the TIP3P model [38] was used to simulate water molecules. The Verlet algorithm with a time step of
1.0 fs, a cutoff for non-bonded interactions of 1.2 nm and a Fourier grid-spacing of 0.1 nm were adopted.
The velocity-rescaling Berendsen thermostat with a temperature damping parameter (tr) of 0.1 ps, and

Berendsen barostat with a pressure damping parameter (1p) of 1 ps were used. Periodic boundary conditions

were employed in x, y and z.

Figure 2. Snapshots of starting polymer configuration generated with Assemble [35] (left) and equilibrated
membrane model (right) with [EC = 1.34 mmol/g.

2.2 Swelling procedure

In order to simulate the swelling of the considered systems, two different configurations were adopted. In the
first, from now on referred to as “two-interfaces model”, the equilibrated membrane was interposed in
between two water reservoirs. The length of each reservoir was about % of that of the equilibrated
membrane. Periodic boundary conditions in all three dimensions were employed for this system. Interposing
the membrane in between two reservoirs is the configuration of choice for most previous MD studies of
membrane hydration and solvent uptake [33,39—41]. The second model, named “one-interface model”,
showcases the equilibrated membrane in contact with just one water reservoir, whose length was 1.5 times
the thickness of the dry membrane. In this setup, periodic boundary conditions were only employed in the x
and y directions, while at z= 0 and z = L (where L is the length of the unit cell ~25 nm) two impenetrable

12-6 Lennard-Jones (LJ) walls were placed.
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Figure 3. Snapshot of a simulation cell in the one-interface model (top) and two-

interfaces model (bottom).

We employed a swelling protocol based on the one developed by Liu et al. [39] that was successfully applied
to mimic the natural swelling of polymer membranes non containing fixed charges. Our protocol consisted in
a series of simulated annealing cycles, each involving a 250 ps isothermal and isochoric (NVT, constant
number of particles, volume and temperature) MD simulation with a linear temperature ramp from 300 K to
600 K, a 500 ps NVT at 600 K, a 250 ps NVT with a linear temperature ramp from 600 K to 300 K, a 1000
ps NVT at 300 K and a final 500 ps isothermal and isobaric (NPT, constant number of particles, pressure and
temperature) simulation at 300 K and 1 bar. During the NPT simulation, semi-isotropic pressure coupling
was adopted so that only the z dimension of the simulation box could vary. Since Liu’s protocol was
formulated for non-charged membranes, precautions had to be taken to successfully apply it to our
hydrophilic AEMs’ models. In particular, the periodic temperature rise, that served to speed up significantly
the process, had to be performed wisely, as we found that, due to the chemical affinity between the two
species, the PSU-TMA membranes showed a marked tendency to dissolute in the water reservoirs. For this
reason, we limited the temperature rise to T = 600 K instead of T = 800 K as in Liu’s original work;
additionally, the annealing procedure was halted at the point at which the membrane models reached a
hydration equivalent to A = 8, and the equilibration cycles only involved a 2000 ps NVT simulation at
constant T =300 K and a subsequent 500 ps NPT simulation at 300 K and 1 bar. As it will be shown later,
this prevented the models from overswelling and led to better agreement with experimental data. The choice
of the A = 8 threshold was motivated by the fact that the experimental reference [25] considered to validate

our computational procedure showcased values of A always larger than 9, and therefore stopping the
6
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annealing cycles from A = 8 was regarded as a safe choice. At any rate, we believe this does not jeopardize
the overall predictive power of the approach as, firstly, most of the commercial IEMs showcase values of A
larger than 8 [42,43], and secondly, it is straightforward to lower the temperature to a constant 300 K earlier
or even avoid raising the temperature at all, if needed; nonetheless, this would cause the biphasic models to
take much longer to reach equilibrium. This aspect becomes increasingly relevant when larger models,

consisting of several polymer chains, are to be equilibrated.

The density profiles of the membrane after each equilibration cycle were extracted from the trajectory of the

500 ps NPT and were fitted using an error function reported in previous works [44] of the form:

1 Z-2Z1 Z-2Z
p@ =goifert (1) - rt () M
Where py, is the average density of the bulk, z, and z, are the values of z, that indicate the location of the

interfaces, for which the fitting function is equal to %pb, and o1 and o, are the standard deviations that
determine how abruptly the function rises to the value of p,. We considered the region of the membrane
located between z = z; + 3071 and z = z, — 30, as the bulk, and the water content was calculated only in
this portion. To be noted that in this region the fitting function assumes a value within 99.7% of p;. An

illustrative depiction of the fitting explained above is found in Figure 4.

1000 —— Density profile
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Figure 4. Depiction of a typical density profile and the corresponding fitting function.

The density profiles, such as the one depicted in Figure 4, took into account only the polymer chains and thus

the water molecules inside the membrane were considered as voids.

When, in a range of twenty-five equilibration cycles, the variation amplitude of p; was smaller than 1% in

respect to the value of pj extracted from the last cycle, the membrane was considered to have reached
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equilibrium and the final w,, was extracted from this configuration. For the membrane model with the lowest
IEC, due to the reduced slope of the density with increasing number of cycles, this criterium was made more
stringent and the difference between the values of pj, had to be within a range of 0.75%. The final w,, was
calculated by computing the mass of water and that of the polymer in the bulk and by using the following

expression:

my

Wy = 2)

my

Where m,, is the mass of water and m,, is the mass of the polymer. Additionally, A was calculated using the
following formula:

Wy

A=T5c M0 3)

Where IEC is the ion exchange capacity expressed in mmol/g and My,o is the molecular weight of water

expressed in g/mmol.

The three different IECs considered in this study were 0.8, 1.34 and 1.9 mmol/g. To assess the influence of
the boundary effects on our model, swelling simulations of the membrane with [EC = 1.34 mmol/g were
carried out both in the case with one and two interfaces. Since the one-interface model reproduced better the

experimental data, only this configuration was considered for the remaining simulations.

During the swelling procedure, the computational details were the same as those presented in Section 2.1
except for the fact that bonds involving hydrogen atoms were constrained and the time step for the Verlet
algorithm was 2 fs. The choice of the Berendsen barostat was motivated by the necessity to minimize box

length fluctuations that could have had a detrimental effect on the convergence of our model [45].
2.3 Theoretical frameworks for diffusivities calculations

The values of w,, obtained from the MD simulations were further spent to compute chloride counter-ion
diffusivities in membrane. To do so, we have employed three different theoretical frameworks widely used
for the description of ion diffusion in [EMs, namely the Mackie-Meares [27], the Yasuda-Lamaze-lkenberry
[28] and the Manning-Meares [29] models, whose expressions for calculating the ion diffusivities are shown

in equation 4, 5 and 6, respectively.

phee = o8, 7) @
S 5
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DMAC and DY4S are the ion diffusivities predicted by the Mackie-Meares and Yasuda models respectively, D°
is the ion diffusivity in bulk water, ¢ is the water volume fraction, by;; is an adjustable parameter, DMﬁN is
the counter-ion diffusivity predicted by the Manning-Meares model, and « is a parameter related to the
diffusion of condensed counter-ions. Additionally, the expressions for the fraction of uncondensed counter-

ions f,(X,), condensed counter-ions f.(X,£), and the function A(X,§) are given below:

41
Fu(X,8) = (fm) M
1
Fex)=1- (i) ®
AX,6) = Z;loi_ OOZT:;_ m[n(m% +md)+1+ 2;] ) j )

Details on the calculations of the parameter X and the linear charge density ¢ are given in the supporting

information, whereas m; and m; are two arbitrary summation indexes. An external NaCl concentration C,y;
of 0.5 mol/kg was assumed for the calculation of the parameters employed in the Manning-Meares treatment.
The double sum in the expression for A(X,§) was approximated with a double integral, thus yielding A(X,$)
~ X [2 +X(1 +mé- 1)] - 1. Furthermore, the water volume fraction ¢ was calculated from the water uptake

by using the following formula under the assumption of volume additivity [11,46]:

=" (10)

Where p,, is the density of water and p,, is the density of the dry polymer. The values of p, employed were
those obtained upon MD equilibration and before swelling of the membrane. According to Equation S8, ¢ is
a function of the dielectric constant of the swollen membrane €, which in turn, according to Equation S9,
depends on ¢. A brief description of the theoretical frameworks used for diffusivities calculations is given

below.

The Mackie-Meares model expresses the ionic diffusivities in polymer membranes as those in the bulk
solution corrected by a tortuosity factor; this accounts for the steric hindrance arising from the presence of
the polymer chains, that reduce the ionic diffusivities in respect to bulk water. This framework describes the
polymer phase as a stationary cubic lattice; additionally, the nature of diffusion in the solution within the
polymer phase is not different from that in the bulk solution. It has the advantage of being totally predictive

as no adjustable parameters appear in the expression.

The Yasuda model employs a free volume treatment of ions diffusion [47] in polymer membranes. Within
this hypothesis, the diffusivity depends exponentially on the free volume (namely, the volume not occupied

nor by the polymer neither by water that is included in the bulk volume of the system) which, according to

9



251  Yasuda et al., increases linearly with the membrane water content [28,48,49]. Albeit the theoretical

252 backgrounds of the Yasuda and Mackie-Meares models differ from one another, for ¢ > 0.4, they have been
253  shown [50,51] to yield an almost identical dependency of ionic diffusivities on the water volume fraction,
254  with the Yasuda model showing better agreement with experiments mostly in light of the parameter by,
255  [50]. This quantity, theoretically linked to the size of the diffusing species [28], is generally expressed as an
256  adjustable parameter that is derived by calibrating the model with experimental data. This jeopardizes the
257  predictive nature of the model as it is necessary to resort to experimental data for its application. In this

258  study, the by, parameter of the Yasuda model was set equal to 1.8, i.e., the value obtained upon calibration

259  of the analytic model by the MSD-computed diffusivities of our previous work [23].

260 The Manning-Meares model is the most recent and elaborated among the ones presented here, as it

261  considers both steric and electrostatic effects. The model merges the two effects by considering both a

262  tortuosity factor identical to the one present in the Mackie-Meares description, and an electrostatic one

263  derived by the Manning theory of counter-ion condensation in polyelectrolytes adapted to IEMs. Besides
264  including the assumptions of the Mackie-Meares model, this framework also considers the co- and counter-
265  ions as point charges and the polymer chains as a series of linear point charges. The model is totally

266  predictive for co-ion diffusivities and partially predictive for counter-ion diffusivities. This is due to the
267  current lack of an expression for the parameter a in Equation 6 that, also in this case, must be calibrated
268  experimentally. Herein, this quantity was set to 0; this approximation, used in previous studies [52—54]

269  mentioned by Kitto et al. [S1], is quite strong but can still be considered a starting point for a predictive
270  discussion. Nevertheless, current effort in our group is devoted to find a way to give a predictive estimate of

271  this parameter.

272 The Mackie-Meares framework is valid for homogenous membranes (which is an assumption in the original
273 derivation of the model [27]) and generally leads to poor predictions when low water volume fractions are
274  considered, as in this case the water domains are smaller and the electrostatic ions-membrane interactions are
275  not negligible [49,55,56]. The Yasuda model has been shown to lead to good agreement with experimental
276  data in a wide range of ¢ (0.1 < ¢ < 0.8) [21,57,58] for several commercial IEMs, provided that the

277  membrane structure is homogenous. In fact, structural heterogeneity in the membrane domains, especially
278  relevant when the membranes are mechanically reinforced, has been shown to compromise the validity of the
279  free volume approach of the Yasuda model [14]. As the Manning-Meares model incorporates the Mackie-
280  Meares tortuosity factor, it follows that it is also mostly valid for homogenous membranes. The model is

281  quite recent and, so far, it has been applied to predict ion diffusion in highly swollen IEMs with excellent
282  results [59,60], even though the predictions were less accurate when the co-ion formed complexes with the

283  polymer [60].
284
285 3. Results and discussion
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3.1 Comparison between the one- and two-interfaces models

The two configurations for the swelling simulations presented in Figure 2 were tested to assess the influence
of boundary effects. This was considered worth investigating as we expect the water content in polymer
membranes not to be uniformly distributed, but higher in the regions closer to the water-polymer interface
and gradually decreasing as we approach the inner portions of the membrane, until it reaches a plateau that

corresponds to the w;, observed macroscopically. Since MD simulations typically cover length scales of 10°-

10! nm whereas IEMs are generally 100 pm thick, a MD study aimed at predicting water absorption in
polymer membranes intrinsically involves the risk of capturing the w,, of the intermediate, more hydrated,
region of the membrane rather than that of the bulk. To support this idea, previous experimental studies
report a marked increase in w,, when the thickness of polyamide nanofilms goes below ~ 8 nm [61]. As our
equilibrated membranes, due to computational limitations, were in the order of 10 nm thick, it was necessary
to assess whether the reduced thickness of the modelled membrane with respect to the actual IEM caused the
simulations to diverge from experimental results. In the case with one interface, the inner regions of the
membrane are further away from the water reservoir compared to the two-interfaces model. Let us note that
this configuration resembles a thicker membrane without adding any computational cost, as the number of

atoms and the dimensions of the unit cell are approximately the same in the two cases.

(a) Two interfaces (b) One interface

1100
10801 ., e,
1060 . e

1040 = “
1020 5 ",
1000 . .
980 : .
960 o, “eran,

940 > it e,
920 o e, -
900 T, Rt e .

e

880 - e et rans, e,

Density (kg/m?®)

860 g e T

840 ettty pomeas s -
820
800 QLR s

780 N i R P Y=
760 J

- L ® Annealing cycles
® CyclesatT=300K

90 100 110 120 130 140 150 0 10
Cycle number

0 10 20 30 40 50 &0 70 80 20 30 40 50 60 70 80

Figure 5. Bulk density evolution with number of equilibration cycles for a model with IEC = 1.34 mmol/g in the

two- (a) and one-interface (b) configurations.

In Figure 5, we report the density evolution with the number of cycles of a PSU-TMA membrane with [EC =
1.34 mmol/g in the two configurations, both when the annealing cycles are kept throughout the entire
procedure and when they are stopped at A = 8. Marked discrepancies are recorded for both configurations

depending on the extent of the annealing cycles.

Firstly, we detect a significant decrease in the slope of the curves when the annealing cycles are switched off,

in agreement with the expectation that the temperature rise during the NVT simulations contributes to speed

11
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up the water absorption. Besides, the two procedures not only affect the swelling kinetics, but also the

equilibrium w,,, which increases with decreasing polymer density.

More in detail, in the two-interface model, we observe that the density profile relative to the annealing cycles
decays steeply until it reaches a pseudo-plateau around the 100" cycle, followed by a drop and a subsequent
final pseudo-plateau (red circles, Figure 5a). In contrast, the density profile (blue circles, Figure 5a) obtained
through the proposed protocol, which halts the annealing cycles when a water content corresponding to A = 8
is achieved, is remarkably different. In fact, it shows a somewhat linear decrease until the 115% cycle, where
it stabilizes around a plateau corresponding to a density of 850 kg/m?, well above the one reached with the
annealing cycles only. To be noted that the pseudo-plateaus obtained by only employing the annealing cycles
do not satisfy the convergence criterium established in Section 2.2 due to oscillations, whereas the novel

protocol leads to a stable plateau that does so between cycles 115™ and 145%.

Concerning the one-interface configuration, after an initial steep decay, the density, albeit with a milder
slope, keeps decreasing and no plateau is univocally found (red circles Figure 5b). Conversely, the profile
obtained with the novel protocol (blue circles Figure 5b) portrays a marked decrease in slope upon switching
off the annealing cycles followed by a plateau around a density of 910 kg/m?3, above the profile obtained by

not stopping the annealing cycles, similarly to the two-interface simulation.

We can conclude that, for hydrophilic IEMs, while raising the temperature during the NVT simulations
might accelerate the swelling process, it also induces the membrane models to absorb indefinitely more
water. By contrast, when the annealing cycles are interrupted, the membrane stops absorbing water and
stable plateaus corresponding to lower w;, can be found in reasonable computational times. Larger water
uptakes with increasing temperatures, as recorded in this study when the annealing is adopted, are expected

and documented in the literature [62—64].

Furthermore, we report a significant difference between the two configurations in terms of equilibrium
degree of hydration obtained using the novel protocol, as in the case with two interfaces the membrane
model reaches a w,, of 37.4% (A = 15.5) against a value of 27.2% (A = 11.3) obtained in the case with only
one interface. The larger hydration recorded when the membrane is in contact with two reservoirs supports
the idea previously exposed that, at the nanometric scale, the distance between the center of the membrane
and the interfaces might not be large enough to capture the bulk properties of the actual IEMs. Since the w,,
obtained from the one-interface model is very close to the experimental value of 27% [25], we speculate that,
by employing this simulation setup, we were able to mitigate the dimensions-related limitations of our
model. However, if this procedure was to be applied to predict the swelling of a membrane not previously
characterized experimentally, it would be appropriate to perform an analysis in which the number of polymer
chains is gradually increased along with the computational cost. In such case, the increased computational

times might be reduced by using coarse-grained models [65] on the one-interface configuration.
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We also report two different shapes of the density change rates between the two models. While in the case
with one interface the density orbits around the same values during the first 15-20 cycles and starts
decreasing afterwards, in the two-interfaces model it almost immediately starts decreasing with a steep slope.
This is because, in the latter case, water molecules can enter through both sides, whereas, in the former, it

takes longer for water to reach the inner regions of the model.

3.2 Equilibrium water uptake with changing IEC
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Figure 6. Bulk density evolution with number of equilibration cycles

for polymers with IEC (from top to bottom) 1.9, 1.34 and 0.8 mmol/g.

Further swelling simulations of membranes with IEC = 0.8 mmol/g and 1.9 mmol/g were carried out in the

one interface model. The choice of this configuration rather than that with two interfaces was motivated by

the better agreement with experimental data [25] achieved with this setup when the swelling of the

membrane with IEC = 1.34 mmol/g was performed. The density evolutions for all the three IECs

investigated are reported in Figure 6. The swelling of the membrane with IEC = 1.9 mmol/g and with IEC =

1.34 mmol/g follow very similar trends: an initial flat region followed by a steep decrease in density that is
13



360 drastically reduced upon switching off the heating cycles. During the cycles at 300 K, for both membrane
361  models, the density decrease follows a fairly linear fashion with the difference that in the case of IEC = 1.9
362 mmol/g, as expected, the plateau is found at lower values of densities corresponding to a larger w,,. In the
363  case of the lowest IEC = 0.8 mmol/g, the density tends to decrease from the first cycles with a mild slope,
364  which becomes almost flat as soon as the equilibration cycles at T = 300 K are introduced, in accordance
365  with the fact that the system was already close to equilibrium at A = 8. As a general consideration, we

366  observe that the number of cycles required for the models to reach equilibrium increases, along with the

367  computational cost, proportionally with the IEC and the w,,.

wy, with changing IEC A with changing IEC
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369  Figure 7. Values of water uptake (w,) (left) and hydration number (A) (right) calculated through MD (this
370 article), DFT [23] and reported from experimental works [25].

371  Overall, the results of the simulations were highly satisfactory as, in all the cases investigated, we produced
372  values of w,, and A remarkably close to those reported experimentally [25], as it can be observed in Figure 7.
373  Considering the broad range of IEC in which we have carried out our simulations, this can be regarded as
374  strong evidence that the approach presented in this paper is valid for predicting the w,, of IEM. The MD

375  methodology was successful in addressing the flaws of the DFT-based hydration, as, by introducing the

376  effect of temperature, the previously reported overestimation in terms of w;, was overcome as well as the

377  incapability to reproduce increasing values of A with increasing IEC of the membrane model [23].
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Figure 8. Snapshots of the swollen membranes with IEC = 0.8 (a), 1.34 (b)
and 1.9 (c) mmol/g.

Snapshots of the swollen membranes with IEC 0.8, 1.34 and 1.9 mmol/g are presented in Figure 8a-c,
respectively. From this figure, it can be clearly observed how the water content increases along with the IEC
of the membrane and how the water-polymer interfaces translate gradually in the direction of the water
reservoirs. Both aspects are easily rationalized by considering that a larger IEC corresponds to a larger
hydrophilicity, this affecting in turn both the w,, of the membrane, its swelling in volume and the consequent

tendency of the polymer chains to unravel in the water reservoirs.
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Figure 9. Density profiles and corresponding fitting functions of the swollen membrane models.

Additional quantitative information can be extracted by comparing the density profiles of the different
models portrayed in Figure 9. With increasing IEC, the profiles appear more distended, with the bulk density
decreasing because of the largerw,,, and the membranes’ edge moving forward in the z direction.
Furthermore, with increasing IEC, we observe larger transition regions between the membrane and the
liquid: while with IEC = 0.8 mmol/g the phase change is rather abrupt and well delimited, with IEC = 1.34
mmol/g and especially IEC = 1.9 mmol/g, we observe density profiles that drop smoothly from the bulk
value to 0. This is quantified by the increasing values of the parameter of the fitting functions o, reported,
with the others, in Table 3. Recall from Equation 1 that o5 is the right standard deviation of the function p(z)

, indicating how abrupt is the transition between the swollen polymer and water phases.

Table 3: Parameters z1 and z, (locations of the interfaces), o1 and o, (standard deviations) and pj, (average

bulk density) of the fitting functions (Equation 1) relative to the equilibrated membrane models with

changing IEC.
IEC (mmol/g) Z1 (nm) Z; (nm) 61 (nm) 0, (nm) Pp (kg/m3)
0.8 0.42 11.8 0.02 0.59 1019
1.34 0.48 14.0 0.12 1.79 909
1.9 0.52 15.2 0.10 2.52 813

The larger extent of the transition region for IEC = 1.9 mmol/g leads us to formulate a computational

consideration, namely that, if present, the boundary effects described in Section 3.1 should be more

prominent for the largest IEC, i.e., for the most hydrophilic model; for this IEC the risk to not to capture the

bulk behavior of the membrane is highest and larger membrane models could be probably used to increase

the accuracy of the results.
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All in all, the present work suggests that the MD simulations correctly reproduce the effect of the presence of
the fixed charges on the membrane properties in relation to the interactions with the solvent, as a neat

increasing hydrophilicity, both in terms of morphology and equilibrium w,,, is recorded with increasing IEC.

3.3 Prediction of chloride diffusivity

As anticipated in Section 1, the w,, predicted via the MD simulations was used in a straightforward manner
to predict ionic diffusivities. In this section, we computed chloride diffusivities for the membranes with IEC
=0.8, 1.34 and 1.9 mmol/g, whose MD predicted w,, correspond to water volume fractions of 0.125, 0.224

and 0.31, respectively.

The experimental values considered reported by Marino et al. [66] were used for comparison. The CI-
diffusivities reported by Marino et al. were for a quaternary ammonium functionalized membrane, similar to
the one modelled in this paper, with IEC = 2.1 mmol/g and water contents varying between ¢ ~ 0.05 and ¢ ~
1. From the w,, obtained upon swelling simulations, we calculated through Equation 10 the above values of
@ for which we have predicted chloride diffusivities. Even though the values of ¢ obtained from the
predicted w,, are not equal to those reported by Marino et al., these experimental data should serve as an
indication of the trend and orders of magnitude of chloride diffusivities with changing membrane water

content.
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Figure 10. Plot of chloride diffusivities obtained from experiments [66] and three different theoretical

frameworks with changing water volume fraction (¢) in the membrane.

As displayed in Figure 10, the Yasuda and the Mackie-Meares models underestimate and overestimate,

respectively, the experimental data. Due to the exponential dependency on water volume fraction in the
17
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Yasuda model, the ionic diffusivities tend to zero quite fast in the low water volume fraction region, whereas
they rise abruptly for high water contents. Since the investigated water volume fraction range is relatively
low, it is expected that the Yasuda model predicts rather low chloride diffusivities; nevertheless, albeit being
further from the experimental values in respect to the Mackie-Meares prediction, the treatment within the
Yasuda model seems to better reproduce the experimental trend characterized by a steeper slope than the
Mackie-Meares one. For this reason, we can expect the Yasuda model to yield better agreement with
experiments when the investigated IEM are characterized by larger degrees of hydration. Also, the
overestimation delivered by the Mackie-Meares treatment is expected: as explained in Section 2.3, in low
water content ranges such as the one investigated, the electrostatic interactions between the membrane and
the ions, not considered by the model, are not negligible and cause the predicted diffusivities to be higher

than the experimental ones.

The Manning-Meares model yields a good agreement with experiments in the lowest ¢ region considered in
Figure 10, but markedly underestimates chloride diffusivities with increasing water content. Two factors are
mainly responsible for this: the first is the electrostatic term (lesser than 1) multiplying the tortuosity term,
while the second is the hypothesis that condensed counter-ions were immobile. The latter leads to a
significant underestimation of diffusivities: as the predicted percentages of uncondensed counter-ions were
25%, 34% and 41% for IEC = 0.8, 1.34 and 1.9 mmol/g respectively, only a minor part of the ions was
considered to contribute to the diffusive mechanism. This underestimation especially causes the diffusivity
trend predicted from the model to diverge from the experimental one, as the former is characterized by a
rather mild slope in contrast to the more than linear one reported by the latter. Overall, the Manning-Meares
treatment involves marked discrepancies with the experimental data, thus confirming the idea reported
elsewhere [50,67] that, in fact, condensed counter-ion diffusion should not be neglected as it can play a
major role when performing such calculations. Nevertheless, this also means that, among the approaches

presented here, the Manning-Meares model has the largest room for improvement.

Overall, we report that the MD approach to predict IEMs’ water uptake coupled with theoretical models
yields reasonable estimations of ionic diffusivities, all in a predictive fashion and completely bypassing
experiments. Moreover, these results are even more encouraging if one considers that they comply with the
orders of magnitude of the experimental data and, as far as we are aware, it is the first time that an approach
combining numerical computational techniques and analytical models is employed to deduce key operational
parameters in IEMs. As a last remark, the values of ¢ used in the analytical models depend, as shown in
Equation 10, on the prediction of the density of the dry polymer p,, that involves a certain degree of
inaccuracy. However, obtaining a better estimation of p;, (employing, for instance, a more accurate force
field) would only cause a shift in the values of ¢ at which the diffusivities were calculated and thus it would
not alter the trends reported in Figure 10 and the considerations presented in this section would still be

meaningful.
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4. Conclusions

A novel strategy that couples MD simulations and theoretical models to predict ionic diffusivities was
formulated in this work. The employed simulation protocol was shown to speed up the swelling process
without compromising the integrity of the atomistic models. Additionally, an ad-hoc simulation setup
successfully addressed the dimensions-related limitations of the system without adding computational cost.
The MD approach returned values of w,, in very good agreement with experiments and correctly reproduced
the experimental trends; moreover, it correctly reproduced the expected increase in hydrophilicity with
increasing IEC of the membrane under study, both in terms of water uptake and morphology. Overall, the
proposed MD approach represents a new effective way for predicting the water content in IEMs, as it
improved the description provided by the DFT strategy developed in our previous works, by adapting to
these materials a protocol that was previously employed only for non-charged polymer membranes. It was
further shown that the information obtained from the MD simulations could be coupled with existing
theoretical models to predict chloride counter-ion diffusivities. Between the three theoretical frameworks
investigated, the one developed by Mackie and Meares led to the best results on the grounds of its
satisfactory agreement with experimental data reached through a totally predictive approach; this proved that
the current methodology can be useful to give preliminary estimations of ionic diffusivities. As a last remark,
since we presented in this work a first attempt to predict ions diffusivities via analytic models without
resorting to fitting parameters but by calculating the water uptake at the nanometric scale, we believe that

rather satisfactory results were achieved.
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500 Nomenclature and acronyms

Acronym
AEM Anion Exchange Membrane
DFT Density Functional Theory
ED ElectroDialysis
IEM Ion Exchange Membrane
IEC Ion Exchange Capacity
QM Quantum Mechanical
LJ Lennard-Jones
MD Molecular Dynamics
MSD Mean Square Displacement
NPT number of particles N, Pressure and Temperature constants (isothermal-isobaric ensemble)
NVT number of particles N, Volume and Temperature constants (isothermal ensemble)
PSU Polysulfone
PSU-TMA  Polysulfone-Tetramethylammonium
RED Reverese ElectroDialysis
TMA Tetramethylammonium
Symbols
A Double sum in electrostatic factor of the Manning-Meares model
byLs Parameter of the Yasuda-Lamaze-Ikenberry model
Cext External NaCl concentration (mol/kg water)
D° Self-diffusion coefficient in bulk water (cm?/s)
Dg Counter-ion self-diffusion coefficient in bulk water (cm?/s)
DMAC  Self-diffusion coefficient calculated from the Mackie-Meares model (cm?/s)
pY4s Self-diffusion coefficient calculated from the Yasuda-Lamaze-Ikenberry model (cm?/s)
DMgN Counter-ion self-diffusion coefficient calculated from the Manning-Meares model (cm?/s)
fe Fraction of condensed counter-ions
fu Fraction of uncondensed counter-ions
Wy Membrane water uptake
X Ratio between concentration of fixed charges and salt in membrane
Z Location of the left water-polymer interface (nm)
Z2 Location of the right water-polymer interface (nm)
Greek symbols
a Parameter linked to condensed counter-ion diffusion
£ Static dielectric constant of the hydrated membrane
A Membrane hydration number
& Dimensionless charge density of the Manning counter-ion condensation theory
Po Average density of the model bulk during swelling simulations (kg/m?3)
Pp Density of the dry membrane model (kg/m?)
Pw Density of water (kg/m?)
01 Left-hand standard deviation of the membrane density fitting function (nm)
02 Right-hand standard deviation of the membrane density fitting function (nm)
Tr Temperature damping parameter (ps)
Tp Pressure damping parameter (ps)
& Dimensionless charge density of the Manning counter-ion condensation theory
) Water volume fraction of the membrane

501
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