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Our recent atomistic simulation studies demonstrated that the transport properties of salt ions and
water in non-crosslinked polymer electrolyte membrane exhibit an intriguing dependence on salt
concentration that is opposite to that seen in electrolyte solutions. Here, we extend our study to probe
the influence of the degree of cross-linking of the polymer on the transport properties of salt and
water in polymer electrolyte membranes. Towards this objective, we use a coarse-grained model
embedded within dissipative particle dynamics (DPD) mesoscale simulations, which allows us to
access time scales necessary for studying crosslinked polymer systems. Our DPD simulations on
non-crosslinked membranes reproduce results that are in qualitative agreement with our atomistic
simulations. For the case of crosslinked membranes, our results demonstrate that the diffusion of salt
ions and water is reduced significantly relative to crosslinked systems. However, the trends exhibited
by the salt concentration dependence of diffusivities and the coordination of the cations with anions
and with the polymer backbone remain qualitatively similar to those observed in non-crosslinked
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membranes. Published by AIP Publishing. https://doi.org/10.1063/1.5057708

l. INTRODUCTION

Recently, significant interest has centered on sulfonated
copolymers as candidate membrane materials for desalina-
tion technologies.'™ Controlling the transport properties of
water and ions in such desalination membranes is essential
for these technologies to achieve better efficiency. Not sur-
prisingly, a number of different physicochemical parameters,
such as the architecture of chains, the chemistry of the poly-
mer, etc., have been studied as means to control the solubility
and mobility of water and ions. However, in almost all cases,
cross-linking of the polymers is employed to achieve the req-
uisite mechanical strength for membrane applications.®’ Typ-
ically, cross-linking reduces the swelling of the membrane,*!°
but also influences the diffusion characteristics of the sol-
vent and the salt.!'=!3 Despite the ubiquity of cross-linking in
the state-of-the-art materials,”1%14 there has been a dearth of
theoretical and simulation studies on the influence of cross-
linking on the transport properties of such polyelectrolyte
membranes.

Some earlier experimental studies®”-!>~!7 have probed the
influence of the degree of cross-linking on the properties of
such desalination membranes. For instance, Jadwin er al.'®
have shown that cross-linking poly(hydroxyethyl methacry-
late) (HEMA), using trimethylol propane trimethacrylate
(TPT), results in a change of water/salt diffusivity selectivity
of the material. Sundell ez al.'® have experimentally examined
the impact of cross-linking on the transport characteristics of
salt/water in disulfonated poly(arylene ether sulfone) copoly-
mer membranes. They found that cross-linking effectively
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reduced the swelling of the polymer membranes and controlled
the salt rejection.

The present work is a follow-up to our recent studies which
were motivated by the experimental work by Kamcev et al.,'®
who extracted the individual diffusivities of salt ions in the
crosslinked fixed charge membranes of CR61 polymers [as
shown in Fig. 1(b)] as a function of the external salt NaCl con-
centration. They found that the transport properties of salt ions
and water exhibit an intriguing dependence on salt concentra-
tion that is opposite to that seen in electrolyte solutions. Using
atomistic molecular dynamics simulations, we recently'® have
probed diffusivities of salt ions and water as a function of the
salt concentration in non-crosslinked membranes. Similar to
experimental observations, we found a reversal in the trends
relative to aqueous electrolytes of the Na* and CI~ ions and
water mobility with respect to the salt concentration. We have
demonstrated that such salt concentration dependence of the
mobilities” results arose from the fractions of free and con-
densed (near the polymer backbone) ions, the water structure,
and ion pairing tendencies.

While our above-referenced study unearthed mechanisms
pertinent to non-crosslinked membrane systems, it still left
open the question of how applicable such concepts were to
crosslinked polymer membranes which are often used in exper-
iments (including the one which motivated our studies). While
studies have focused on crosslinked polymers, their proper-
ties, and the development of efficient computational schemes
to model and simulate such systems,’*>3 to our knowledge,
there has not been any comparison of the structure and trans-
port properties of non-crosslinked and crosslinked charged
polymer membranes. Motivated by such considerations, in
this study, we set out to answer the following questions:
(a) What are the mechanisms underlying the transport of

Published by AIP Publishing.
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FIG. 1. Chemical structure of sulfonate polystyrene-co-divinylbenzene with corresponding DPD model for (a) non-crosslinked and (b) crosslinked polymers.

salt and water in crosslinked, charged polyelectrolyte mem-
branes? (b) How are the structural and dynamical characteris-
tics of salt and water influence the degree of cross-linking of
polymers?

Unfortunately, atomistic simulations of the properties of
crosslinked polymer membranes are computationally expen-
sive due to the slow dynamics of crosslinked polymers. To
overcome such constraints, in this work, we adopt a coarse-
grained, mesoscopic model to build the crosslinked structure of
the fixed charge polymer membranes in salt solutions of NaCl
at different concentrations. We embed such a model within the
dissipative particle dynamics (DPD) method,?*-3! which has
proven to be an efficient simulation tool to study the struc-
tural and dynamical properties of polymer solutions and melts
at long time and length scales. Using such a framework, we
first obtain the diffusivities of salt/water in non-crosslinked
polymer electrolyte membranes and demonstrate excellent
agreement with the trends seen in our atomistic simulations.
Subsequently, we study the influence of the degree of cross-
linking of polymers on the diffusion characteristics of salts
and water. We analyze the associated structural and dynami-
cal characteristics to explain the mechanisms underlying our
results.

The rest of the article is organized as follows: details of
the simulation methodology and the different measures used
to characterize the results are discussed in Sec. II. Results and
discussion are presented in Sec. III where we first focus on
the transport of salt/water in non-crosslinked membranes and
compare the results obtained in mesoscale simulations with
those seen in our atomistic model. Subsequently, we present
the results quantifying the impact of the degree of cross-linking
of the polymers on the transport properties of salt ions and
water. We summarize our findings in Sec. I'V.

Il. MODEL AND METHODOLOGY
A. DPD simulations

For the mesoscale simulations, we employed a coarse-
grained DPD framework?*3? with the particles interacting via
pairwise conservative soft repulsive nonbonded interactions,
bonded Hookean forces, and electrostatic, random, and veloc-
ity dependent drag forces. The soft repulsion forces used are
of the form

aj(r=re)*
———, r<re
_ 22 0 ¢
U(ry) = ’ : (1)
s r>re

where r. is the cut off radius and a;; is the DPD interaction
parameter between particles i and j. Following the standard
approaches to DPD simulations,>*3%>33 the intra-component
repulsion parameters a;; between beads of the same type are
set equal, whereas the repulsive parameters between differ-
ent beads a; in Eq. (1) are computed from the following
equation:
aji = Xij

770.286
where y;; is the Flory-Huggins parameters between particles
i and j. Repulsive parameters between different beads a;; are
presented in Table S1 in the supplementary material. As com-
monly used in DPD, the reduced density ( prg’) and the friction
coefficient (y) of beads were set to 3 and 4.5, respectively, to
maintain constant temperature at kg7 = 1.

The beads in the chains are connected by harmonic bonds
U(ry) = %(r,-j —19)%, where K}, is the bond constant and rg
is the equilibrium bond length.** We also introduced the har-
monic angle potentials U (Gijk) = %(Qijk — 6p)? between the
beads of sulfonate groups of nearest neighbor bonds, where
beads i and j are separated by bead k.>

The electrostatic interactions are modeled using the
smeared charge approach with the Slater-type charge density

distribution333 p(r) = - 3 5 exp(— z/l—r), where A is the effective

+ajj, )

smearing radius which is set to 0.25r,. for all charge beads. To
account for long range electrostatic interactions, the standard
Ewald summation®? is used.

B. Coarse-grained model and parameters

The atomistic chemical structures of the non-crosslinked
and crosslinked polymers, and the coarse-grained representa-
tions adopted in our study are depicted in Fig. 1. Explicitly,
we divide the chemical units of the polymer into six types of
DPD beads of comparable size. The mass of the phenyl ring
bead was taken as a unit mass, and the masses of all other beads
were scaled accordingly. Three water molecules (N, = 3) were
represented by one bead. To neutralize the charged sulfonate
beads, one separate bead for a sodium ion as a counterion was
used.


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-042846

224902-3 D. Aryal and V. Ganesan

For non-crosslinked system, we considered randomly
sulfonated polymers with 80 beads/chain with fixed charge
fraction f = 0.30 with a total of 24 000 beads in a cubic
simulation cell ~20 x 20 x 20 (r.). The simulations were
performed with five different concentrations of NaCl ranging
from 0.04M to 1M. Salt Na* and CI~ ions were represented
by individual beads with charge distribution obtained from
Refs. 34 and 36. The water volume fraction was fixed at
0.5 [which corresponds to 9 water molecules per sulfonate
group (3 water beads per sulfonate group)] and was selected to
match closely with the experimental study.'® The bonded and
non-bonded parameters for the DPD simulation of polymers,
water, and salt ions were chosen from Refs. 26, 31, and 34-38,
respectively.

All simulations were carried out using the DL_MESO
DPD package.® Systems were run with the NVT simula-
tions with periodic boundary conditions applied in all three
dimensions. The equilibration was considered to be reached
when the thermodynamic quantities such as the temperature
and pressure of the systems, as well as the size and dimen-
sions of polymer chains, exhibited no significant variation
within the simulation time. Simulations were run further for
5 x 10° steps with 0.01 © time step. Trajectories per
10000 steps were saved for analysis. A snapshot of the
systems after equilibration for 0.2M NaCl concentration
in the non-crosslinked system is shown in Fig. S1 of the
supplementary material.

C. Modeling crosslinked polymers

To model crosslinked polymer systems, we followed an
approach similar to that proposed in Ref. 40. Explicitly, moti-
vated by the experimental synthesis conditions,'®#! the cross-
link was based on attaching bonds between the beads of the
side chain of the aliphatic carbons attached in the para posi-
tion of the phenyl rings in hydrophobic blocks as shown in
Fig. 1(b). For cross-linking simulations, the cross-link for-
mation criterion is carried out after the equilibration portion
of the non-crosslinked system. Beads were capable of cross-
link formation if the distance between them falls within a
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pre-defined distance, r¢rogs << . In a time step, if two crosslink-
able beads were closer than rgog, @ (permanent) cross-
link was formed by creating a bond (harmonic interaction)
between those beads. Depending upon the density of cross-
linking, we varied the degree of cross-linking to 25%, 35%,
50%, and 75%. We studied salt concentrations in the range
0.04-1M, which is similar to the regime explored in the exper-
imental studies.'® The sulfonation fraction (f = 0.30) of the
polymer was also chosen to match with the experimental
study.'®

D. Calculation of diffusion coefficients

We determined the diffusion coefficients, D, for individual
salts ions and water from mean square displacement (MSD =
(r,-(t) - ri(0)2>, where r;(t) denotes the position of species i at
time ¢) using the Einstein relation as follows:

(ri(t) = ri(0)?)
B 6t
The respective Na* ions MSDs are shown in Fig. S2 of the
supplementary material for the extremes of the lowest (0.04M)
and highest (1.0M) salt concentrations. In most cases, we chose

an intermediate region of time to fit to the linear dependence
and obtain the diffusion coefficients.

lll. RESULTS AND DISCUSSION

A. Comparison of mesoscopic simulations
with atomistic simulations

We begin our discussion by presenting a comparison of
the results for the diffusion coefficients of Na*, Cl~ ions,
and water in non-crosslinked polyelectrolyte membranes as
a function of NaCl concentration and compare these with our
earlier results based on molecular dynamics simulations with
atomistic resolution,'*?

Figures 2(a) and 2(b) depict the results for the diffusion
coefficients of Na* and CI~ ions in the polymer membrane
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FIG. 2. Diffusion coefficient of Na* and CI~ ions in membrane as a function of NaCl concentration using (a) DPD simulation method and (b) MD simulation
results from Ref. 19. Reproduced with permission from Aryal and Ganesan, ACS Macro Lett. 7, 739-744 (2018). Copyright 2018 American Chemical Society.

The lines represent a guide to the eye.
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from the mesoscale DPD approach [Fig. 2(a)] and the atomistic
MD simulations [Fig. 2(b)], respectively, as a function of NaCl
concentration. We observe that the results of diffusivity trends
of Na* and CI~ ions obtained using the mesoscale simulations
are in good agreement with those reported in our earlier MD
studies.!® More specifically, we observe that the diffusivity of
Na* increases with NaCl concentration, whereas the diffusivity
of CI~ is almost insensitive to NaCl concentration [Fig. 2(a)].
Moreover, in line with our earlier results, we also observe that
the diffusivity of Na* ions in the membrane is higher than that
of the C1™ ions.

In our atomistic simulation studies, we rationalized
the above trends for the mobility of Na* and C1~ ions by invok-
ing the fractions of condensed (with the sulfonate groups of
the polymer backbone), paired (associated cation-anions), and
free ions and their respective mobilities. To effect a compari-
son with the atomistic simulations, we embarked on a similar
structural classification in our mesoscale simulations. Na* ions
were considered as “condensed” with sulfonate groups if they
were within a cut off distance of 1.30 r. [the location of
the peak of the first coordination shell between S—-Na* ions
as shown in Fig. 7(a)]. The remaining Na* ions were fur-
ther classified as either free or paired with CI™ ions. The C1™
ions were classified into three populations: (I) those which
are associated with the condensed Na* ions; (II) those which
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are associated with free Na* ions; and (III) free Cl~ ions.
We quantify the respective populations in terms of the frac-
tions relative to the total number of ions of the respective
species. Subsequent to identification (at T = 0) of condensed,
paired, and free ions, their respective dynamics were used to
characterize the diffusivities of the distinct populations of the
ions.

Based on the above classification, similar trends are
observed (Fig. 3) in atomistic and mesoscale simulations for
the respective fractions and mobilities of the different cate-
gories of Na* and Cl™ ions. Explicitly, the fraction of con-
densed Na* ions decreases, while the fractions of paired and
free ions increase with increasing NaCl concentration as shown
in Fig. 3(a). Complementary to such results, Fig. 3(b) dis-
plays the individual mobilities of the condensed, paired, and
free Na* ions in the membrane as a function of salt concen-
tration. Therein, it can be seen that with an increase in the
salt concentration, the diffusivity of free Na* ions monoton-
ically increases, whereas the mobility of both the condensed
and paired Na* ions remains relatively insensitive to the salt
concentration. In the context of Cl1~ ions, from the results dis-
played in Figs. 3(c)-3(d), we observe that the relative fraction
(f) of the different populations satisfies the trend f1 > f11 > fin
and the diffusivities of these populations follow the order
DI < DH < DH].
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FIG. 3. Na* ions: (a) The fraction of Na* ions condensed with sulfonate groups, paired with C1~ ions, and free ions. (b) Diffusivity of condensed, paired with
Cl™, and free Na* ions as a function NaCl concentration. Cl1™ ions: (c) The fraction of Cl~ ions that are associated with condensed Na* ions, with free Na*, and
free Cl™ ions. (b) Diffusion coefficients of C1~ ions that are associated with condensed Na* ions, with free Na*, and free C1~ as a function of NaCl concentration.

The lines represent a guide to the eye.
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Due to the correspondence between the results of the
atomistic and the mesoscale simulations, the salt concentra-
tion dependence of the mobility of Na* ions can be explained
similar to the results of our earlier work as a consequence of
an increase in the free Na* ions which possess higher mobil-
ities. The mobility of CI™ ions can be understood to reflect
an interplay of the mobilities of the free population and those
associated with condensed Na* ions and is overall relatively
insensitive to the salt concentrations.

We also compared the effect of salt concentration on the
mobility of water in the polymer membrane [Fig. 4(a)] and
observed similar trends between mesoscale and atomistic sim-
ulations. Explicitly, the diffusivity of water molecules is seen
to increase with the salt concentration in the polymer mem-
brane. Similar to the discussion presented in our earlier study,
we rationalize our observations by invoking the influence of
salt on the coordination of water and the internal structure.
Explicitly, in our earlier work, it was argued that one of
the factors influencing the water mobilities in the membrane
relates to the relative fraction of water bound to the sulfonate
beads. To characterize such a feature in the mesoscale simu-
lations, we considered water as bound to the sulfonate beads
if they were within a cut off distance of 1.5 r, (first hydration
shell from g(r) between S—O of water). The corresponding
results displayed in Fig. 4(b) demonstrate that the fraction
of free water increases with increasing salt concentrations.
Since such a population of molecules possesses higher mobil-
ities relative to the bound molecules, such results rationalize
the increase in the diffusivity of water with increasing salt
concentrations.

Overall, the results presented here serve to establish that
the mesoscale simulations, despite their coarse-grained nature,
reproduce most of the qualitative trends seen in our atomistic
simulations relating to the mobilities and the structure of ions
and water. With such a basis, we now seek to probe the influ-
ence of cross-linking on the structure and transport properties
of the ions, water, and the polymer.
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B. Influence of degree of cross-linking
on structure and dynamics

In this section, we present results for the impact of the
degree of cross-linking of polymers on the diffusivity of the
polymer chains, the structure of the membrane, and the mobil-
ity of cations, anions, and water molecules in the polymer
electrolyte membrane for a fixed salt concentration of 0.5M
NaCl.

We begin this section by presenting the dynamical char-
acteristics of the polymer chains and the internal structure of
the membrane as a function of the degree of cross-linking.
Figure 5(a) depicts the diffusion coefficient of the backbone
beads of both blocks and sulfonated beads in the membrane
(normalized by the diffusion coefficient of same beads in
non-crosslinked polymers) as a function of the percentage of
crosslinked chains. As we expect, the bead mobilities signif-
icantly reduce with increasing cross-linking densities. These
results demonstrate that despite the coarse-grained nature of
the model, our simulations do capture the dynamical features
expected for crosslinked polymeric systems.

What is the influence of the degree of cross-linking on
the internal structure of the polymer membrane? To address
this question, we calculated the ionic cluster distribution as a
function of the percentage of cross-linking of chains as shown
in Fig. 5(b). For this purpose, we classified two sulfur beads
of sulfonated groups to be in the same cluster if they were
separated by less than 1.25 r. [first hydration shell from g(r)
between S-S as shown in Fig. S3 of the supplementary mate-
rial]. We observe that with increasing cross-linking, there is
a shift towards the formation of larger clusters at the expense
of smaller clusters, which reflects [inset of Fig. 5(b)] as an
increase in the average cluster size with increasing degree of
cross-linking of polymer chains. Such trends can be ratio-
nalized by noting that that the cross-linking of the polymer
beads brings the backbones of different polymer chains and,
as a result, the sulfonate groups to closer proximity. As a
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FIG. 4. (a) Diffusivity of water in the membrane from DPD simulation (left axis) and from MD simulation results (right axis, Ref. 19) as a function of NaCl
concentration. (b) DPD simulation results for percentage of free and bound water as a function of NaCl concentration. The lines represent a guide to the

eye.
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membranes. The lines represent a guide to the eye.

consequence, the sulfonate groups are expected to be in closer
proximity in crosslinked membranes, leading to the larger
cluster sizes as observed in our simulations.

In Fig. 6, we display the diffusion coefficients of Na*
and Cl1~ ions (normalized relative to non-crosslinked systems)
as a function of the fraction of cross-linking. We observe
that the mobilities of both Na* and C1~ ions become reduced
with increasing the degree of cross-linking of the polymers.
More pertinently, we observe that the trend observed in non-
crosslinked systems is preserved, and that even for crosslinked
systems, the mobility of Na* ions in crosslinked membranes
are higher than those of CI”™ ions.

The influence of cross-linking on ion dynamics can poten-
tially arise from two distinct sources. One source of such
results arises from the retardation of the polymer dynamics
[Fig. 5(a)] arising from cross-linking of the chains. Since a
fraction of the Na* ions are expected to be associated with the
sulfonate groups in the polymer backbone, a retardation of the
dynamics of the polymer backbone is expected to lead to a cor-
responding reduction in the mobility of such condensed ions. A
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FIG. 6. Normalized diffusion coefficients of Na* and Cl~ ions as a function of
percentage of cross-linking of chains in membrane at 0.5M salt concentration.
The lines represent a guide to the eye.

second source of the influence of cross-linking arises from
the potential impact of cross-linking on the association char-
acteristics between the Na* ions and the sulfonate groups.
Indeed, as observed in the results of Fig. 5(b), the intro-
duction of cross-links modifies the distribution of sulfonate
groups. In turn, such changes may influence the distribution
and the fraction of Na* ions condensed with the sulfonate
groups.

To identify the specific influence of above features, we
characterized the influence of cross-linking on the radial dis-
tribution function between S—Na*. The results for radial dis-
tribution functions [Fig. 7(a)] indicate that the association
between the Na* ions and the sulfur atoms become stronger
with increasing degree of cross-linking. We quantified such
results further by delineating the Na* ions into fractions of
condensed and free ions. Explicitly, we categorized the Na*
ions as condensed if they were within a cutoff distance of 1.28
r. [the location of the peak of first coordination shell from
Fig. 7(a)] of the sulfur atoms. Ions which were beyond that
distance were categorized as free. From the result displayed in
Fig. 7(b), we observe that the fraction of the condensed Na*
ions increases with increasing degree of crosslinked polymers.
Such results demonstrate that cross-linking of the polymers in
the membrane does exert an influence on the structural charac-
teristics and the association behavior between the cations and
the charged polymer backbone. Since such condensed ions are
expected to possess lower mobilities than the free ions, such
results contribute to the overall reduction in the diffusivity of
Na* ions with increasing degree of cross-linking.

Figures 7(c) and 7(d) quantify the dynamical effects of
cross-linking by displaying the mobilities of the condensed
ions in two representations: the diffusivities relative to the
case of non-crosslinked systems and the diffusivities normal-
ized by the corresponding mobilities of the sulfonate beads.
As expected, the diffusivities of the condensed ions decrease
with increasing degree of cross-linking. More interestingly,
from Fig. 7(d), we observe that in a normalized representation,
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the mobility of the condensed Na* ions remains practically a
constant indicating that the dynamical effects manifesting
in the mobility of condensed Na* ions arise as a conse-
quence of the slowing of the sulfonate groups as a result of
cross-linking.

To rationalize the influence of cross-links on the mobil-
ity of Cl~ ions, we observe that the population of Cl~ ions
associated with the condensed Na* ions increases with increas-
ing degree of cross-linking [Fig. 8(a)]. Such results can be

understood as a consequence of the increased fraction of the
condensed Na* ions. The dynamics of such associated C1~ ions
are in general expected to be slower than the free CI™ ions.
Moreover, the cross-link-induced slowing of the condensed
Na* ions discussed in the context of the results of Fig. 7 is
also expected to contribute as an additional source of hindered
mobilities of the associated C1~ ions. Such expectations are
confirmed in the results displayed in Fig. 8(b), wherein it is
seen that the mobility of the CI~ ions associated with Na* ions
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FIG. 8. (a) The fractions of C1~ condensed with Na* ions and free ions and (b) Diffusivity of of C1~ condensed with Na* ions and free ions as a function of the
percentage of cross-linking polymers in membrane at 0.5M NaCl salt concentration. The lines represent a guide to the eye.
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do indeed decrease with increasing degree of cross-linking.
Together, the increase in the fraction of the associated CI™ ions
and the decrease in their mobilities rationalize the influence of
cross-links shown in Fig. 6.

Next, we present results for the influence of cross-linking
of polymer chains on the diffusivity of water molecules
[Fig. 9(a)]. Similar to the trends seen for the salt ions, the
mobility of water molecules is seen to become reduced with
increasing degree of cross-linking.

In our previous work, we ascribed that the salt concentra-
tion induced changes in water mobilities to the fraction of the
water molecules “bound” to the backbone sulfonate groups.
Such characteristics were in turn shown to be correlated to the
size of the water clusters in the membrane. More specifically,
the presence of larger water clusters and the higher fraction of
bound water molecules led to lower mobilities for the water
molecules.

In the present context, we expect a part of the influence of
the cross-linking on water mobilities to arise from the slow-
ing of the polymer molecules themselves. To probe if there
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are further structural effects arising from the cross-linking
of polymers, we probed the coordination of water and the
internal structure by calculating the radial distribution func-
tion g(r) between water beads as a function of the degree of
cross-linking [Fig. 9(b)]. With increasing percentage of cross-
linking the polymer chains, the intensities of both peaks in
the radial distribution function slightly increase, which sug-
gests that the structural characteristics of water intensify with
increasing degree of cross-linking.

We also performed an analysis of the water clusters as a
function of the degree of cross-linking. For this purpose, we
classified two oxygen atoms of water to be in the same cluster
if they are separated by less than 1.33 r, [first hydration shell
from g(r) between O-O of water as shown in Fig. 9(b)]. From
the result displayed in Fig. 10(a), we observe that the average
water cluster size increases with increasing degree of cross-
linking. Similar to the results presented in our earlier articles,
such increases are seen to manifest in the increased fraction
of water molecules bound to the ionic groups, as shown in
Fig. 10(b).
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FIG. 10. (a) The average cluster size of water and (b) the percentage of free and bound water in the membranes as a function of the percentage of cross-linking

at 0.5M NaCl salt concentration. The lines represent a guide to the eye.
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Together, the results of Figs. 9 and 10 suggest that the
degree of cross-linking does influence the structural charac-
teristics of water molecules and leads to an increased size of
water clusters and an enhanced fraction of water bound to the
ionic groups. In conjunction with the reduced mobility of the
polymer membrane, such factors explain the reduced mobility
of the water with increasing degree of cross-linking.

C. Comparison of crosslinked with non-crosslinked
membranes as a function of salt concentration

In this section, we present a comparison of the results
for the diffusion coefficients of Na*, Cl~ ions, and water
in crosslinked polyelectrolyte membranes as a function of
NaCl concentration and compare these with the results of
non-crosslinked membranes from this study (mesoscale DPD
approach).

Figures 11(a) and 11(b) compare the salt concentration
dependence of the diffusion coefficients of Na* and C1~ ions

0.1

0.09 | Uncrosslinked

?45;‘ e
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in both the crosslinked polymer and non-crosslinked mem-
branes [from Fig. 2(a)] as a function of the NaCl concentration.
We observe that the results of diffusivity trends of both Na*
and C1~ ions in crosslinked systems are qualitatively similar to
those seen in non-crosslinked systems. More specifically, sim-
ilar to the results of non-crosslinked systems, we note that the
diffusivity of Na* increases with NaCl concentration, whereas
the diffusivity of CI~ is almost insensitive to NaCl concentra-
tion [Fig. 11(a)]. Moreover, we also observe that the diffusivity
of Na* ions in the membrane is higher than that of the CI~
ions. These results are in qualitatively good agreement with the
experiment results of Kamcev ef al.'® who extracted the indi-
vidual diffusivities of salt ions in the crosslinked fixed charge
membranes of CR61 polymers as a function of the external
salt NaCl concentration.

To explain the origin of the above trends for the mobil-
ity of Na* and CI~ ions, we classified the ions using similar
approaches as we did for non-crosslinked systems (discussed
in the context of Fig. 3) by invoking the fractions of the
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FIG. 11. (a) Diffusion coefficient of Na* and CI~ ions and (b) diffusivity of water in non-crosslinked membrane (closed symbols) and in the crosslinked
membrane (open symbols) as a function of NaCl concentration. The lines represent a guide to the eye.
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condensed (with the sulfonate groups of the polymer back-
bone), paired (associated cation-anions), and free ions. From
the results displayed in Fig. 12, we see qualitatively similar
trends in both crosslinked and non-crosslinked systems for the
respective fractions and mobilities of the different categories
of Na* and CI~ ions.'® Explicitly, the fraction of condensed
Na* ions decreases, while the fractions of paired and free ions
increase with increasing NaCl concentration. In the context
of CI™ ions, the fraction of CI™ ions associated with con-
densed Na* ions are seen to increase with increasing NaCl
concentration.

The above results demonstrate that both the salt concen-
tration dependencies and their mechanistic origins share sim-
ilar features in crosslinked and non-crosslinked membranes.
Explicitly, the increase in the fraction of free Na* ions and
the higher mobility of such a population can be attributed
as responsible for the mobility of Na* ions in the mem-
brane to increase with increasing salt concentration, whereas
the mobility of CI~ ions is dominated by the population of
condensed and paired ions and is relatively constant for all
concentrations.

We also examined the effect of salt concentration on
the mobility of water in the crosslinked polymer membrane
[Fig. 10(b)] and observed a similar trend for the salt con-
centration dependencies as seen in non-crosslinked systems.
Explicitly, the diffusivity of water molecules is seen to slightly
increase with the salt concentration in the crosslinked polymer
membrane. Similar to non-crosslinked systems, we observe
that such results arise from the influence of the charged
polymer membrane on the water structure and the popula-
tion of free and bound water to sulfonate beads as shown
(Fig. 13).

Overall, we observe that the trends exhibited by the salt
concentration dependence of diffusivities, and the coordina-
tion of the cations with anions and with the polymer back-
bone exhibit striking similarities between crosslinked and
non-crosslinked membranes. We hypothesize that since the
polymer chains are crosslinked by the side chain of hydropho-
bic blocks which are phase separated from the hydrophilic
blocks, the crosslinking only exerts a limited influence on the
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FIG. 13. In crosslinked membrane: Fraction of free and bound water as a
function of NaCl concentration. The lines represent a guide to the eye.
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hydrophilic domains which support the transport of ions/water.
As a consequence, beyond the dynamical effects on the poly-
mer backbone, and some of the quantitative aspects of struc-
tural effects arising from the changes in the ionic cluster
size distributions and the coordination behaviors discussed
in Sec. III B, much of the physics arising in crosslinked
membranes are seen to be captured in the simulations of
non-crosslinked systems.

IV. CONCLUSIONS

In this article, we presented the results from coarse-
grained dissipative particle dynamics quantifying the influence
of the degree of cross-linking of polymers on the structure and
dynamics of water and salt ions in polyelectrolyte desalination
membranes. In the first part of this study, the results for salt
ion and water diffusivities (along with supporting structural
characteristics) were probed as a function of the salt concen-
tration in non-crosslinked polymer electrolyte membranes and
compared to the trends reported in our earlier studies which
used atomistic MD simulations.'® Such comparisons demon-
strated that the DPD simulations reproduced results in good
agreement with our atomistic simulations studies and provided
a basis for the use of mesoscale simulations for examining the
influence of cross-linking on the structure and the transport of
water and salt ions in such membranes.

In the second part of the article, we presented the results
for the influence of the degree of cross-linking of polymer
chains on the transport properties of salt/water in polyelec-
trolyte membranes. With increasing degree of cross-linking
on polymer chains, the diffusivities of salt/water reduced sig-
nificantly. Our analysis suggested that the structural changes
resulting from cross-linking also influence such trends, in
addition to the dynamical changes arising from the slower
mobility of polymer chains. Interestingly, much of the salt
concentration dependencies of the structural and dynami-
cal characteristics exhibited trends similar to non-crosslinked
membranes. Such results suggest that atomistic simulations
of non-crosslinked membranes can serve as a useful means
to probe the interplay between the chemistry and the trans-
port properties of realistic and crosslinked polyelectrolyte
membranes.

SUPPLEMENTARY MATERIAL

See supplementary material for the simulation snapshot,
mean-squared displacements of ions, and the radial distribu-
tion function of S-S as a function of degree of cross-linking
(see Figs. S1-S3, respectively).
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