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ABSTRACT: Membranes made of hydrated ionomers are
frequently used in ion-exchange applications, such as hydrogen
fuel cells and water electrolyzers. Perfluorinated sulfonic acid
(PFSA) ionomer membranes are suited for these applications as
they possess chemical stability and mechanical stability at elevated
pressures and temperatures and have ion transport capabilities.
Hydrated PFSA ionomers form a nanophase-separated structure
that has an ion-conducting hydrophilic phase and a nonconducting,
semicrystalline hydrophobic phase. This complex nanophase
structure of hydrated ionomers is a topic of great interest, and
there have been a number of studies attempting to elucidate the
morphology of hydrated ionomers by using microscopy, simulations,
and scattering measurements. In this work, we seek to understand
the connection between the ionomer design and the resulting nanophase structure under various hydration conditions using coarse-
grained molecular simulations. We study the effects of varying the side chain spacing and side chain lengths on the measured
scattering profiles and real-space hydrophilic domain properties. To enable correct real-space interpretation of the scattering
measurement structure, we relate features observed in the scattering profiles, such as the ionomer peak location and intensity, to the
hydrophilic domain size distribution, tortuosity, and onset of percolation. We also show how new ionomer designs with tailored
variations in side chain spacing and side chain length affect domain size distributions and connectivity of the hydrophilic domains.

1. INTRODUCTION
Ionomers are charged copolymers composed of a polymer
backbone, with a modest fraction of the monomers along the
backbone having a charged pendant group.1 Ionomers have
lower charge density along the backbone as compared to
polyelectrolytes, which are typically homopolymers with high
linear charge density. Due to their lower charge density,
ionomers self-assemble into nanostructures that are different
from polyelectrolytes.2 Electrostatic and van der Waals
interactions and entropy dictate the features of the nanophase-
separated structures in the melt3−5 and hydrated states.6−11 Due
to these nanostructures, ionomers have drawn considerable
interest for a variety of applications, including coatings,12−14

shape-memory materials,15,16 and drug delivery vehicles.17−19

Additionally, the ion-conducting ability resulting from phase-
separated hydrophilic and hydrophobic domains makes
ionomers ideal for applications in hydrogen fuel cells,20−24

electrolysis,25−27 redox-flow batteries,28−30 and separation
processes.31,32

Among the variety of ionomer chemistries, perfluorinated
sulfonic acid (PFSA) ionomers have been used extensively for
developing ion-conductive membranes.33 In particular, Nafion
PFSA is well-studied for membrane applications.34 To optimize
PFSA ionomers for membrane applications, there is a need to
identify ionomer designs that have the potential to facilitate high

proton conductivity in the membrane and improved membrane
mechanical properties. One such ionomer design parameter is
the equivalent weight, (EW) defined as the ratio of the mass of
dry polymer to the number of moles of sulfonate end groups (in
units of g/mol). The EW of the ionomer can be altered by
varying either the grafting density or length of the side chains the
sulfonate end groups are attached to. Water content within the
membrane is quantified by the parameter λ, defined as the ratio
of the number of water molecules to the number of sulfonate end
groups λ = [H2O]/[SO3

−]. Thus, for optimizing ionomers for
membrane applications, both the hydrophilic and the hydro-
phobic domains must be tuned or tailored for the desired
performance properties.
Structural characterization of the hydrophilic and hydro-

phobic domains using transmission electron microscopy11,35−38

has limitations associated with poor image contrast and sample
thickness. In contrast, small and wide-angle X-ray scattering
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(WAXS) and neutron scattering measurements33,39 have been
more useful in understanding the complex nanostructure in
ionomer membranes. Small-angle scattering measurements
show a broad characteristic peak known as the “ionomer
peak”, which is attributed to the length scales between the
hydrophilic domains on the order of several nanometers. A
“matrix knee” in the scattering profile at lower-q values is due to
the spacing between crystalline regions in the hydrophobic
domains.40−43 WAXS experiments show the scattering peak
associated with the crystalline regions in the high-q range.43

Despite certain aspects of PFSA ionomer structure being well-
understood, the interpretation of these scattering profiles,
specifically the ionomer peak, is nontrivial. The ionomer peak
requires interpretation by fitting existing models to relate to real-
space structural features. A variety of models have been
proposed to explain the ionomer peak’s presence, ranging
from ionic clusters connected by thin hydrophilic domains to
lamellae, to cylindrical channels, and to random network
morphologies. It is not obvious a priori what types of models
one needs to consider for fitting to the scattering profiles. Some
knowledge of spatial arrangements in real space, the very
question one wishes to answer in these ionomer systems, is
needed to select any models for analyzing scattering profiles.
Molecular simulations have been used to gain this knowledge of
the real-space structural arrangements of the ionomers. We
summarize a few of these simulation studies next to share the
insights gained from them and the limitations they face that
motivate the work presented in this paper.
Kuo et al.44 performed all-atom molecular dynamics

simulations of membranes based on Flemion (EW = 844 g/
mol equiv) and Nafion (EW = 1144 g/mol equiv), with the
water content ranging from λ = 1 to λ = 20. The EW was
increased by adding more CF2-units in the backbone while
maintaining the same number of CF2-units in the side chain,
thus increasing the linear spacing between the side chains along
the polymer backbone. They found that the hydrophilic
domains become percolated at λ = 3, and as λ increases beyond
3, the morphology changes from a channel-network structure to
a tortuous layer structure. They also report that the increasing
EW leads to a more heterogeneous morphology. In another
study, Kuo et al.45 found that the longer side chain lengths
caused aggregation of the aqueous domains, leading to a swollen
network structure at high λ compared to the tortuous layer
structure seen with shorter side chains at high λ. Due to the
atomistic model used in these two simulation studies, the
majority of the systems studied were limited to 13 nm or smaller
in size as larger simulation box sizes at atomistic resolution
become computationally demanding. As such, a study with a
broad range of ionomer designs in larger systems, which is
required to compare the scattering features that are related to
larger length scales, becomes computationally infeasible.
To achieve larger length scales, Liu et al.46 used dissipative

particle dynamics (DPD) to quantify the morphology and
growth of the hydrophilic domains in Nafion at varying λ values.
They find the onset of percolation of the hydrophilic domains at
λ = 5, and as λ was increased, the clusters grew from small
aggregates to larger spheres, to elongated rods, and to branched
twisted cylinders. DPD simulations have provided critical
insights into the morphology of hydrated ionomers in a
computationally efficient manner; however, the DPD approach
is the highest level of coarse-graining (among molecular
simulation methods), and it lacks excluded volume interactions
due to the use of soft forces.

While the above simulation studies have all been valuable in
understanding PFSA ionomer morphology, the connection
between the length scales accessed in scattering experiments and
simulations is still lacking, specifically, a direct link between
features of the measured scattering profiles and their
corresponding real-space structural description of domains. To
compare the structure factors calculated from simulations to the
scattering measurements in experiments, one needs a large
simulation box and system size to capture the experimentally
relevant length scales (0.1 nm to 1 μm) in the scattering profiles
calculated from simulations.While the larger length scales (>100
nm) are not feasible with atomistic simulations, the smaller
length scales (<1 nm) are missed in DPD simulations. However,
the chemical details to capture water−sulfonate and water−
polymer backbone arrangements driven by their electrostatic
and van der Waals interactions with the potential role of
polarizability are important to capture; this would not be
possible with the DPD simulations described above. Thus, we
need a model that can be used in large-scale simulations
(hundreds of nm) while also maintaining essential chemical
details of the polymer and with explicit representation of water
molecules, including polarizability. In this regard, MARTINI
models seem to be the optimal choice. MARTINI models have
been used extensively for simulating biomacromolecules where
the chemistry of the macromolecule and their interactions with
water are critical for the structural arrangements of the
biomolecules.47−49 Mabuchi and Tokumasu50 have demon-
strated the use of the MARTINI v2 model for ionomers along
with the refined polarizable water model developed by
Michalowsky and co-workers51 to study Nafion in solutions of
water and 1-propanol mixtures50,52,53 and the morphology of
ionomer thin films under solvent evaporation.54 One should
note that while these coarse-grained (CG) MARTINI v2
ionomer models have been used to model the structure of
hydrated Nafion membranes, they are not optimized to form
crystalline domains of the PTFE backbone. Keeping that in
mind, we adopt this MARTINI v2 ionomer model56 with the
refined polarizable water model51 for our current simulation
work aimed at connecting various aspects of ionomer design and
blending designs to their self-assembled amorphous structure
starting from random disordered initial configurations. We then
relate features of the calculated scattering profiles (e.g., peak
position and breadth) to real-space domain analysis (e.g.,
connectivity, domain sizes, and tortuosity) as a way to guide
experimentalists who wish to connect their scattering profile
features to real-space structural arrangements. After establishing
this relationship between features of scattering profiles and real-
space structural features, we then predict the effects of tailored
new ionomer designs on the morphology, quantified by
scattering profiles, as well as real-space domain analysis.
An aspect of PFSA ionomers that has not been well-explored

in previous simulation studies is the effect of dispersity either by
deliberately mixing ionomers with different EWs and/or
different side-chain lengths or by creating ionomers with
variations in side chain spacing and length along the chain. On
the one hand, real polymers are rarely monodisperse, and
determining whether this dispersity has any effect on the
morphology of ionomer membranes can provide additional ties
from the simulated system to experimental ionomermembranes.
On the other hand, intentionally blending ionomers of differing
design (side chain spacing and side chain length) could provide
unique morphologies. In this work, we simulate both ionomers
with different distributions of side chain spacing and blends of
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different polymer designs to gain insights into how dispersity
and blending affect both the shape of the scattering profile and
the real-space morphology of hydrophilic domains.
This work is organized as follows. In Section 2, we describe

the CG model, MD simulation protocol, scattering calculations,
and real-space structural analyses used in this study. In Section 3,
we describe the results of our simulations focusing on how
varying ionomer design parameters, including side chain
spacing, side chain length, and blending ionomers with different
side chain lengths and spacings, affects the resulting self-
assembledmorphology and scattering. In Section 4, we conclude
with implications of our results to experimentalists.

2. METHODS
2.1. Coarse-GrainedModel. The CG model used in this work has

been adapted from the work by Mabuchi et al.,53 where the MARTINI
v2 force field47−49 with a polarizable water model51 was used; their CG
model was developed for Nafion with an EW = 1100 g/mol equiv. The
CG-mapping of the polymer repeat unit, water, and counterions are
shown in Figure 1. The hydrophobic polymer backbone is represented
by apolarMARTINI beads of type C2, and the side chain is composed of
a nonpolar MARTINI bead of type N0, and a charged, hydrogen bond
acceptor MARTINI bead Qa, which represents the sulfonate end group
and has a charge of q = −1e−. The positively charged counterion is
assigned the charged hydrogen bond donor bead Qd with charge q =
+1e−; at this level of coarse graining, this bead does not distinguish if
this is a hydronium ion or Na+ ion. The water is represented by the
polarizable water bead PW, which contains four molecules of water per
bead. We refer the reader to the work of Michalowsky et al.51 for details
of the refined polarizable water model.

All the MARTINI beads used in this model have the same diameter
of σ = 0.47 nm. The apolar beads representing the polymer backbone
and the nonpolar beads representing part of the side chain each have a
mass of 180 amu, the charged bead representing the sulfonate end
group has a mass of 200 amu, the polarizable water beads have a mass of
72 amu, and the counterion bead has a mass of 23 amu.

The nonbonded interactions between beads i and j are given as
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where rij is the distance between beads i and j, qi,j is the charge of the
bead, εr is the relative dielectric constant, which in the refined
polarizable water model is set to εr = 2.5. ϵij is the Lennard-Jones
interaction prefactor for beads i and j. The values of ϵij are set by the
bead types of beads i and j, which are specified by the interaction matrix
for the MARTINI v2 force field.47 The values for ϵij for the MARTINI

beads used in this work are tabulated in Table S1 in Supporting
Information Section S1. The cutoff for both the Lennard-Jones and
Coulomb potentials is set to rcut = 1.1 nm, with the potential-shift
modifier for the Lennard-Jones potential and the Coulomb potential
using reaction-field electrostatics with cutoff dielectric constant set to
infinity.

The bonded components of the polymer are connected via a weak
harmonic bond potential, which is given by

U K r r1
2

( )b
b 0

2= (2)

where r0 is the equilibrium bond distance set to r0 = σ = 0.47 nm, andKb
is the force constant set toKb = 1250 kJ/mol/nm2. The chain stiffness of
the polymer is captured by the harmonic cosine bond angle potential
given by

U K1
2

(cos( ) cos( ))0
2= (3)

where Θ0 is the equilibrium bond angle and KΘ is the force constant.
The bonds along the chain are connected linearly with an equilibrium
bond angle of Θ0 = 180°, except for the connection between the side
chain and the backbone, which has an equilibrium bond angle of Θ0 =
90°. For more details on the CG MARTINI v2 model and its
parameterization, we refer the reader to the manuscript by Mabuchi,
Huang, and Tokumasu.53

2.2. Simulation Method. We perform MD simulations using the
GROMACS 2023 simulation package55 on high-performance comput-
ing clusters. Initial configurations for each simulation are generated
using the inset-molecule function of GROMACS, which places each
component randomly in the simulation box, and insertions are rejected
if the bead’s distance with any other existing bead is less than the sum of
the van der Waals radii of the two beads or a user-defined cutoff
distance. We use a cutoff radius of rinsert = 0.21 nm, slightly smaller than
the bead radius of rbead = 0.235 nm to allow for some overlaps to ensure
that all bead insertions are successful. The polymer structure file is
generated using an in-house code to generate CG ionomer chains with
grafted side chains according to the prescribed side chain spacing and
grafting type (statistical or exact periodic). The initial simulation box
size is set to Linit = 55 nm. The number of polymer chains (ranging from
500 to 1500) and number of water beads (ranging from 4100 to
135,000) are selected to satisfy initial density ρinit = 350 kg/m3 and the
desired hydration content λ. The ρinit value was chosen to be dilute
enough for the inset-molecule function to reliably populate the
simulation box. Through the stages described below, we arrive at a final
density range of 1600 2500final

kg

m3= The number of positively
charged counterions are selected to neutralize the charges of all the
polymer chains.

Figure 1. CG mapping of MARTINI beads for one repeat unit of Nafion polymer with EW = 1100 g/mol equiv. Backbone is mapped to four apolar
beads (red), side chain is connected to backbone with one nonpolar bead (green), and end of side chain with the sulfonate end group is represented by
negatively charged, hydrogen-bond acceptor bead (yellow). Sodium counterions are represented by positively charged hydrogen-bond donor bead
(purple). Water beads (blue) each represent contain four molecules of H2O.
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In the initialization step, we use nonpolar MARTINI beads of the
type P4 in place of the polarizable water beads. This allows us to
initialize the simulation without the constrained bonds present in the
polarizable water beads because attempting to initialize the simulation
with the constrained bonds can cause the LINCS constraint algorithm
to fail. When using the nonpolar water beads, the relative dielectric
constant is set to the standard value for MARTINI v2, εr = 15.0. In this
initialization step, the system energy is minimized using the
minimization function of GROMACS with the steepest-descent
integrator for a maximum of 100,000 time steps. Following energy
minimization, anNVT-ensemble run is performed with a time step of dt
= 0.001 ps and a temperature of 600 K using the velocity rescale
temperature coupling for 100,000 time steps; by the end of this run, we
expect to have removed any bead overlaps. The system is then relaxed
away from the selected initial configuration using NPT-ensemble
simulations and isotropic Berendsen pressure coupling and velocity
rescale temperature coupling. We start at T = 600 K and p = 25 bar for
100,000 time steps, then switch to T = 600 K and p = 50 bar for 100,000
time steps, and then to T = 600 K and p = 100 bar. At the end of this
routine, we expect the chains to have relaxed away from any unphysical
initial configuration. Next, we annealed the system from T = 600 K and
p = 100 bar to the target temperature and pressure. Each stage of this
annealing uses 100,000 time steps, with a time step of dt = 0.01 ps. The
first stage is performed at T = 500 K and p = 75 bar, the second stage is
performed at T = 400 K and p = 50 bar, and the third stage is performed
atT = 300K and p = 25 bar. Following this annealing, a simulation run is
performed with dt = 0.01 ps at T = 300 K and p = 1 bar for 1,000,000
time steps. By the end of this annealing stage, we expect to have avoided
kinetically trapped initial configurations.

After the initialization step, we conduct the actual equilibration at the
target temperature and pressure, with polarizability turned on. We
switch the nonpolar water beads to polarizable water beads with the
dielectric constant changed to the value specified for the polarizable
water model, εr = 2.5. The system energy is then minimized using the
steepest descent integrator for up to 100,000 time steps. Following this,
an NPT-ensemble run is performed with dt = 0.01 ps at the target
temperature and pressure, T = 300 K and p = 1 bar, using the stochastic
dynamics integrator for 200,000 time steps, using Berendsen pressure
and temperature coupling. The stochastic dynamics integrator and the
time step of dt = 0.01 ps are used in this step to minimize the chance of
the LINCS constraint algorithm failing when we replace the
nonpolarizable water beads with the polarizable water beads. Then
the molecular dynamics integrator is selected, and an equilibration run
of 250,000 with dt = 0.01 ps is performed. We monitor the system

density and the polymer radius of gyration to ensure that we have
achieved equilibrium.

After equilibration, we perform the production stage, which is an
NPT-ensemble simulation run maintaining T = 300 K and p = 1 bar
using the Berendsen pressure and temperature coupling. In this
production run, we use a larger time step of dt = 0.02 ps than what we
use in equilibration to achieve longer real-time dynamics without any
issues with the failing simulations. The entire production run is
10,000,000 time steps, and we collect configurations every 100,000 time
steps. The scattering and real-space hydrophilic domain analysis,
described in the next section, is performed on 19 configurations
collected 500,000 time steps apart. We monitor autocorrelation
functions of chain radius of gyration squared and expect the
decorrelation time to be ∼500,000 time steps. Further, we run three
independent trials for each system to quantify the fluctuations in the
analyzed metrics described next, both between trials and within each
trial, and confirm that our simulation results are not kinetically trapped
and reported error is representative of the largest fluctuations.

2.3. Analysis. Our first goal in this paper is to relate scattering
profile features to real-space domain analysis, and to achieve that goal,
we perform a variety of structural analyses. Figure 2 summarizes these
analysis metrics visually.

2.3.1. Hydrophilic Components’ Structure Factors. We compute
the structure factor between hydrophilic beads (sulfonate, water, and
counterions) using a method based on the work of Brisard and Levitz,
which computes the structure factor in reciprocal space while
minimizing finite size effects resulting from the cubic shape of the
simulation box.56 The scattering amplitude, A(q), is first computed and
normalized by the total number of scatterers

q
qx

A
i

N
( )

exp( )kk
N

k= (4)

where ρk is the scattering length density bead k,N is the total number of
simulation beads, and xk is the position of simulation bead k. Here, we
normalize the scattering curve by the number of simulation beads and
use ρk = 1 for the hydrophilic beads and ρk = 0 for the hydrophobic
beads because we wish to quantify the shape of the hydrophilic
components’ scattering profile. This choice of scattering length
densities provides the scattering contrast between hydrophilic and
hydrophobic domains but is not directly analogous to scattering
experiments, where each chemical species would have its own scattering
length density. We also perform the structure factor calculation for a
subset of the simulations using scattering length densities based on

Figure 2. Schematic of the various analyses conducted in this work. From left to right: Structure factors are computed to compare to experimental
trends in scattering data. We determine the number of sulfonate−water contacts and radial distribution functions to quantify the changes in the local
structures of the hydrophilic domains. We compute the hydrophilic and hydrophobic domain sizes to relate the domain structure to scattering. Lastly,
we computed the percolation and tortuosity of the hydrophilic domains to identify promising candidate designs for ion transport.
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previous experimental work. We find that by using these experimentally
informed scattering length densities, the ionomer peak q-value remains
the same as that seen when we use ρk = 1 for the hydrophilic beads and
ρk = 0 for the hydrophobic beads. We also find matching qualitative
trends in the low-q scattering intensity and ionomer peak intensity for
the two choices of scattering length densities. Related discussion can be
found in the Supporting Information Section SII. The benefit of using
ρk = 1 for the hydrophilic beads and ρk = 0 for the hydrophobic beads
lies primarily in that the calculation is significantly faster as the
summation only occurs over a minority subset of the simulation beads,
rather than the summation being over every simulation bead in the case
where each bead’s scattering length density needs to be considered.

The form factor of the cubic box is subtracted from the scattering
amplitude, yielding the scattering amplitude free of finite box-size
effects, Abs(q)

( )
( )

q qA A( ) ( )
sin

bs
i x y z

q

L
q

L, ,

i

i
=

= (5)

Then, the structure factor is computed as follows

qS q A( ) ( )
k

N

k bs
2= | |

(6)

where the overbar represents averaging over all orientations of the
wavevector q. In our calculation, for each magnitude, q, of the q
wavevector, we sampled 500 orientations using a Fibonacci sphere to
ensure roughly even sampling across orientations. The q-range used for
the structure factor ranges from q

Lmin
2= , where L is the simulation

box length, to qmax ≅ 7 nm−1, which is chosen as a q-value below the
range where the structure factor is influenced by the radius and packing
of the simulation beads.

As noted in the previous section, we calculate the structure factor for
19 configurations for each trial, starting at t = 1,000,000 time steps and
spaced out every 500,000 time steps. We report the mean of the three
trials’ structure factors and the standard error of the three curves.
2.3.2. Hydrophilic and Hydrophobic Real-Space Domain Sizes,

Tortuosity, and Connectivity.We quantify the changes in the size and
connectivity of hydrophilic domains (consisting of sulfonate groups,
water, and sodium counterions) by determining whether the domains
percolate the simulation box in each of the x, y, and z directions, by
calculating the overall tortuosity of the hydrophilic domains and by
calculating the hydrophilic domain size distribution. We also quantify
sizes of the hydrophobic domains consisting of polymer backbone
beads (BBs) and uncharged side chain beads.

To determine the percolation in hydrophilic domains of the
structure, a graph is constructed first. In this graph, all nodes represent
the water, sulfonate, and counterion simulation beads, and edges
connect those nodes that are closer than a certain cutoff distance. A
subgraph is constructed from each connected component of the
original graph, and a check is performed on each subgraph to determine
whether the subgraph spans the simulation box in the x, y, and z
directions. In our results, we quantify the percolation by describing the
number of directions in which the hydrophilic domains are percolated,
ranging from 0 (not percolated in any direction) to 3 (percolated in
each of the x, y, and z directions). This implementation is done using
Python’s NetworkX module.57

To quantify the tortuosity of hydrophilic channels through the
structure, we use Python’s PoreSpy implementation of tortuosity.58

First, we convert our simulation snapshot to a voxelized representation,
where each voxel takes the identity of the nearest simulation bead. We
then binarize the voxel representation, with sulfonate, water, and ion
voxels taking the value 1 and polymer backbone and side chain voxels
taking the value 0. The binary voxel representation is passed to
PoreSpy’s tortuosity_fd function, which computes the tortuosity of the
hydrophilic domains. Specifically, the tortuosity is computed as the
ratio between the diffusivity calculated from the structure of interest
and the diffusivity calculated for a structure consisting of only one
phase, where both diffusivities are calculated by using finite difference

simulations based on continuum diffusion equations. As such, values
can range from 1 (perfectly straight channels, where the diffusivity in a
given direction will be equivalent to that in a bulk liquid) to arbitrarily
high values (for very tortuous paths, where the diffusivity is much larger
than in the bulk medium). It should be noted that this computation is
purely based on the geometry of the paths resulting from the
hydrophilic domain structure and does not consider specific chemical
information, such as the positions of sulfonate ions and their
interactions with water, cations, and counterions, that would also
affect the diffusivity of these species.

We compute the distribution of hydrophilic domain sizes using a
method inspired by the determination of pore sizes in DNA cross-
linked hydrogels byWang et al. and in porous silica by Bhattacharya and
Gubbins.59,60 For each analyzed simulation snapshot, we randomly
sample 1000 points within the simulation box and define the domain
size for each sampled point as the diameter of the largest sphere that
encompasses the sampled point and does not overlap with the
surrounding polymer backbone or side chain beads. For the
hydrophobic domain sizes, the same procedure is used; the domain
size for each sampled point is the diameter of the largest sphere that
does not overlap with surrounding sulfonate, water, or cation beads. We
used the hydrophobic domain sizes to quantify the spacing between the
hydrophilic domains.

The real-space domain size distributions, connectivity, and tortuosity
calculations are performed on 19 configurations for each of the three
trials performed, starting at t = 1,000,000 time steps, at every 500,000
time steps. The results for all the 57 configurations (i.e., 3 trials × 19
configurations/trial) are pooled together to determine the ensemble
average and standard error.

2.3.3. Sulfonate−Water Bead Coordination Number.We calculate
the number of water beads that are within the chosen cutoff distance of
rcut = 0.6 nm to each sulfonate bead to characterize the local
environment around the sulfonate beads in terms of whether the nearest
neighbors are water beads. This analysis is done to understand some of
the molecular-level underpinnings of the domain-level structural
analyses described above. These calculations are performed on 19
configurations for each of the three trials performed starting at t =
1,000,000 time steps, at every 500,000 time steps. We report the mean
of the pooled 57 configurations.

2.4. Parameters Varied. Besides relating structure factor features
to real-space domain analysis, one of our other goals in this paper is to
understand how dispersity in ionomer designs affects the hydrophilic
domain structure. To achieve these goals, we need to systematically vary
the ionomer designs to establish the baseline (isolated) effect of each
ionomer design parameter (side-chain length and spacing) before
considering the dispersity or blending effect. To accomplish that, we
vary the number of BBs between side chains denoted as the side chain
spacing Γsc and vary the number of beads in the side chain denoted as
the side chain length 2sc = (Figure 3). When varying either the side
chain spacing or the side chain length, the other parameter is held to the
value established for Nafion (EW = 1100g/mol equiv)�Γsc = 4 and

2sc = , respectively. It is worth noting that changing the side chain
length inherently changes the ratio of SO3

− to inactive sites (SC and
BB); as a result, changes to side chain length inherently vary the EW.

The side chain spacing Γsc relates to the EW of the polymer; our
simulated values of side chain spacing Γsc = 2, 4, and 8, with 2sc = ,
correspond to 740, 1100, and 1820 in EW (Table 1). It is recognized
that neither 740 EW nor 1820 EW membranes are currently
commercially manufactured; however, the current work is intended
to develop general design rules for hydrated ionomer morphology.

The side chain length sc is varied by adding or removing the
nonpolar MARTINI beads (N0) that makes up the uncharged
components of the side chain. In the case of 1sc = , the charged side
chain bead is connected directly to the backbone. The values of side
chain length sc considered in this study are 1−3 with Γsc = 4. The EWs
for chains with Γsc = 4 and 1, 2, 3sc = are 920, 1100, and 1300,
respectively (Table 1). It is important to note that variations in the EW,
especially in the range of 720−1100, are known to cause significant
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differences in the ionomer microstructure and performance in
experiments.61

The number of BBs per chain is set byNbb = nru × Γsc, where nru is the
number of repeat units. When varying the side chain spacing and the
side chain lengths, the number of BBs per chain is held constant at or
near Nbb = 100. We also vary the extent of hydration characterized by

the ratio of the number of water molecules to the number of sulfonate
end groups, λ = [H2O]/[SO3

−].
First, we evaluate the effects of changing the side chain spacing Γsc

and the side chain length sc when all chains have the same chain length,
Γsc and sc (i.e., monodisperse systems). Each monodisperse system is
simulated with varying hydration contents, λ = 1−20.

Next, we consider the dispersity effects by studying the following
three cases:

(i) Binary mixtures of precise, periodic side chain spacings (Figure
4): in the binary mixtures of precise, periodic side chain
spacings, the lower-value side chain spacing is designated Γsc

A,
and the higher-value side chain spacing is designated Γsc

B.
(ii) Binary mixtures of side chain lengths: in binary mixtures of side

chain lengths, the lower-value side chain length is designated sc
A ,

and the higher-value side chain length is designated sc
B .

In all binary mixtures, the proportions of chain A and chain B are set
according to the fraction of chain A, fA.

(iii) Polydisperse systems of statistical side chain spacings, with
predetermined side chain spacing mean and standard deviations
(Figure 5): in the polydisperse system of statistical side chain
spacings, each chain has a unique set of side chain spacings along
the chain selected from a Gaussian distribution with a
predetermined mean ⟨Γsc⟩ and standard deviation σΓsc. The
number of repeat units are held constant, and chains with
number of BBs greater thanNbb = nru × ⟨Γsc⟩ and less thanNBB =
(nru − 1) × ⟨Γsc⟩ are rejected.

Lastly, in Supporting Information Section SIII, for a select few
systems (Γsc = 4, 2sc = , and Nbb = 100), we compare the results from
simulations using polarizable water model against analogous simu-
lations using a nonpolarizable water model. This shows the reader the
explicit impact of using the polarizable water model in this work.

3. RESULTS AND DISCUSSION
In the following subsections, we start by first comparing the
various analysis metrics for monodisperse systems at varying
hydration. While previous simulation studies have elucidated
many of these effects of ionomer design on structure for
monodisperse systems, we simulate such a monodisperse system
for two reasons: one, our results showing the effects of these
seemingly simple design variations in monodisperse systems
support our argument that there is a nontrivial link between
features of the scattering profiles and real-space domain
analyses, and two, having the monodisperse system results

Figure 3. Side chain spacing, Γsc, corresponds to the number of
backbone beads (BBs) between side chains. The side chain length, sc,
corresponds to the number of MARTINI beads that comprise the
grafted side chain. The number of BBs, NBB in a chain is set by the
number of repeat units nru and Γsc. The water content is set by λ, which
is the number of water molecules per sulfonate end group present in the
system.

Table 1. EW of Simulated Ionomers for Given Side Chain
Spacing (Γsc) and Side Chain Length ( sc)

equivalent weight (EW)
(g/mol)

Γsc

2 4 8

sc

1 560 920 1640
2 740 1100 1820
3 920 1280 2000

Figure 4. Schematic showing the binary blends of ionomers with different side chain spacings ΓA and ΓB. The proportions of each ionomer in the
solution are set by the chain fractions of each component fA and f B to achieve the desired solution-averaged side chain spacing ⟨Γsc⟩.
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establishes a baseline for comparison with results we report for
our novel blends and polydisperse systems.
3.1. Effects of Varying Hydration on Structure Factors

and Real-Space Structural Features. We establish the
baseline morphology of Nafion with EW = 1100 at varying
extents of hydration, λ = 1 to λ = 20, and side chain spacing Γsc =
4 and side chain length 2sc = .
Bulk morphology is characterized by measuring the partial

structure factor of the hydrophilic components, which
corresponds to typical scattering measurements of hydrated
ionomers. Figure 6a shows the partial structure factor of the
hydrophilic components (the bottom x-axis shows the q values,
and the top x-axis shows the corresponding real length scales).
While past studies only focus on the ionomer peak in the
scattering profile, we connect the ionomer peak location,
breadth, and intensity, as well as the intensity at the low q-range,
to the observed morphologies in real space. Figure 6a shows that
as the extent of hydration is increased (red to blue), the
scattering peak location shifts toward lower q-values, which
corresponds to shifts toward larger real-space distances. The
peak intensity does not vary considerably as the extent of
hydration is increased. There is a strong effect on the scattering
intensity in the low-q range (0.4−0.7 nm−1) where the intensity
increases monotonically as the hydration content increases. For
λ = 4, there is a substantial increase of the low-q scattering
intensity that begins to approach the value of the ionomer peak
scattering intensity. The trends in the shifts observed in the
scattering profiles are similar to the results presented by Sorte et

al.,62 where they performed atomistic simulations and experi-
ments to study the effects of hydration content and sulfonation
on Diers−Alders poly(phenylene) membranes. Sorte et al.
observed increases in the scattering peak intensity and a peak
shift toward lower q-values with increased hydration in the water
partial structure factor.
To understand the implications of changing features of the

scattering profiles as hydration is varied, we performed a real-
space analysis on the hydrophilic domain structures. Figure 6b
shows the size distributions of the hydrophilic domains at
various λ. As λ is increased (red to blue), the mean domain size
shifts toward larger length scales. The hydrophilic domain size
distributions at low hydration of λ ≤ 3 show a narrow,
approximately symmetric distribution that widens slightly with
increased hydration. At higher hydration, λ = 6, the distributions
become significantly broader and show a shift from a symmetric
distribution to a more skewed distribution. Beyond the mean
size of the distribution at higher λ, the distribution decays more
rapidly than in the range preceding the peak, before reaching a
“tail”�feature where the distribution decays much more slowly,
showing the presence of few, large hydrophilic domains. The
features of the hydrophilic domain size distributions that show
significant changes with varying hydration contents include the
mean domain size, the width of the domain size distribution, and
the skewness and tail of the distribution. As the hydrophilic
domain sizes and the spacing between the hydrophilic domains
due to the presence of hydrophobic domains will impact the
scattering peak location, we calculate the domain sizes of the
hydrophobic domains. The hydrophobic domain sizes (i.e.,
spacing between hydrophilic domains) only slightly decrease
with increasing hydration (Figure 6b, inset). As such, it makes
sense that the ionomer peak shifts to lower q-values as the
hydrophilic domain sizes increase, while the spacing between
them remains relatively constant. The hydrophilic domain size
distributions show a significant change to the tail of the
distribution as the extent of hydration is increased from λ = 12 to
λ = 20; similarly, there is a significant change to the scattering
intensity at the low q-range, λ = 12 to λ = 20. The increase in the
scattering intensity in the low q-range is likely due to the
formation of significantly larger hydrophilic domains, as the tail
of the domain size distributions shows.
In addition to the hydrophilic domain size distributions, the

connectivity and shapes of the hydrophilic domains are
characterized by analyzing the percolation of the hydrophilic
domains and the tortuosity of the percolated hydrophilic
domains. Tortuosity and percolation of the hydrophilic domains
have a significant impact on the proton transport properties63−65

and are substantially impacted by the hydration content as
shown in Figure 6c,d. Figure 6c shows the results of the
percolation analysis, which describes the average number of
cardinal directions the hydrophilic domains are percolated in as
a function of the hydration content λ. The hydrophilic domains
remain completely unpercolated as the hydration content
increases from λ = 1 to λ = 4. Starting at λ = 5, the domains
begin to show partial percolation. Beyond λ = 5, there is an
increase in the number of directions percolated with increased
hydration, and full percolation is reached at λ = 12. Figure 6d
shows the tortuosity of the percolated hydrophilic domains as a
function of λ, where the tortuosity decreases with increasing λ,
and the rate of decrease gradually lowers beyond λ = 9, which
corresponds to the domains becoming fully percolated.
The average coordination number between the sulfonate

beads and water is calculated as a function of hydration content λ

Figure 5. Schematic showing the statistical side chain spacing chains
(a). The spacings between each side chain are chosen from a pseudo-
Gaussian distribution that is set by the target mean spacing ⟨γi⟩ and the
standard deviation σ (b).
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and is shown in Figure 6e. The number of contacts between the
sulfonate beads and water increases as the hydration content is
increased, where the rate of increase declines with increasing λ.
From these calculations, it is clear that as the water
concentration is increased and the hydrophilic domains become
larger, the sulfonate beads interact with more water beads. This
increase in the coordination number with increased λ implies a
shift in the local environment around the sulfonate beads, which
can be observed in the simulation snapshots shown in Figure 6f.
The relationship between the number of contacts between water
and sulfonates and the mean domain size is shown in Figure S1
in the Supporting Information. There is initially a linear
relationship between the number of water and sulfonate contacts
and the mean hydrophilic domain size at lower hydration, and
once a certain hydration content is reached, the growth in the
mean domain size outpaces the increase in the number of water
and sulfonate contacts. The point at which themean domain size
growth outpaces the increase in water−sulfonate contacts and
the extent of this increased domain size growth are dependent
on the design parameters, Γsc and sc, chosen.
Figure 6f shows snapshots of the simulation box for λ = 2

(top) and λ = 12 (bottom), where the hydrophobic components
(polymer backbone and uncharged side chain beads) are shown

in white and the hydrophilic components are shown in shades of
blue, with the sulfonate beads shown in light blue and the water
beads in dark blue. In both the low hydration and high hydration
snapshots, the hydrophilic components form domains that have
a worm-like anisotropic shape. At low hydration, the hydrophilic
domain thickness is significantly smaller than that at high
hydration, which leads to the sulfonate beads having more
contacts with the hydrophobic components. The domain shapes
and organization of the sulfonate beads and water beads lead to
the lower coordination number between sulfonate bead and
water beads at low hydration. As the hydrophilic domains grow
in thickness with increasing water, the water and sulfonate beads
gain the ability to organize such that there are more contacts
between water and sulfonate beads and less contact between
sulfonate beads and the hydrophobic components (Figure S2 in
the Supporting Information), which in turn leads to a decrease in
the tortuosity of the hydrophilic domains.
We have established the relationship between hydration

content and the morphology of the hydrophilic domains, as
characterized by our scattering measurements and real-space
domain analysis, for the ionomer design based on Nafion with
EW = 1100. The percolation analysis revealed an onset of
percolation starting around λ = 5 and full percolation (i.e., all 3

Figure 6. Structural analyses for ionomers with side chain spacing Γsc = 4 and side chain length 2sc = . (a) Partial structure factor of the hydrophilic
components (water, sulfonate, and counterion beads) at various extents of hydration λ. (b) Hydrophilic domain size distributions at various λ. The
inset of (b) shows the hydrophobic domain size distributions with changing hydration. (c) Hydrophilic domain directions percolated vs λ. (d)
Tortuosity of percolated hydrophilic vs λ. (e) Average number of water bead contacts per sulfonate bead vs λ. (f) Simulation snapshots at λ = 2 (top)
and λ = 12 (bottom), with hydrophobic components in white and hydrophilic components in blue.
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dimensions) at λ = 12, and the tortuosity measurements show a
decrease in tortuosity with increased λ. The hydrophilic domain
size distributions show a shift toward larger domain thicknesses
and broader distributions with increased λ, and the hydrophobic
domain size distributions remain the same with increasing λ.
Understanding how these changes in morphology manifest in
the scattering profile is a crucial insight necessary for optimizing
ionomer design as scattering measurements remain the most
accessible and utilized characterization method for hydrated
ionomers.
Next, we do the scattering and real-space analysis for

ionomers with varying side chain spacings and side chain
lengths to understand the relationship between the real-space
morphological features and the features observed in the
scattering profiles.
3.2. Varying Side Chain Spacing−Monodisperse

System vs Blended/Polydisperse Systems. 3.2.1. Mono-
disperse Systems. Simulations are performed on ionomers of
varying side chain spacings to understand its impact on
structure. The metric Γsc is used to denote the number of BBs
between each side chain. A crucial implication of varying the side

chain spacing is the change in the overall water concentration for
a given value of λ. We choose to maintain the same values for λ
for the different designs as this is the primary way the water
content is characterized in studies of ionomers. This chosen
method will result in the volume fraction of water changing with
varying side chain spacing (or EW) and should be taken into
consideration when reviewing the results. Additionally, we
choose to maintain consistent chain lengths across the different
designs by varying the number of repeat units accordingly
between the different side chain spacings. The effects of chain
length and number of repeat units on the hydrated morphology
become negligible with sufficiently large chains (Figures S3 and
S4 in Supporting Information).
The scattering profiles for the three side chain spacings

modeled are shown for low hydration, λ = 2 (Figure 7a), and for
high hydration, λ = 12 (Figure 7b). At low hydration, the
scattering peak location shifts toward lower q-values, and the
scattering peak intensity increases as the side chain spacing is
increased. Increasing the side chain spacing while maintaining
the same λ-value results in a decrease in the overall water
concentration. In the previous section, when λ was varied for the

Figure 7. Structural analyses for monodisperse systems with varying side chain spacing Γsc and side chain length 2sc = . Partial structure factor of the
hydrophilic components (water, sulfonate, and counterion beads) at λ = 2 (a) and λ = 12 (b). Hydrophilic domain size distributions were obtained for
λ = 2 (c) and λ = 12 (d). Insets in (c) and (d) show the hydrophobic domain size distributions. (e) Plot of the hydrophilic domain directions percolated
vs λ. (f) Plot of tortuosity of percolated hydrophilic vs λ.
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same ionomer design, the growth in hydrophilic domain sizes
coincided with an increase in the water concentration and a shift
to lower q of the scattering peak. Here, we still see significant
shifts in the scattering profiles, despite the similar hydrophilic
domain size distributions at low hydration between the three
values of side chain spacings (Figure 7c). There is a slight shift
toward smaller mean hydrophilic domain size with increased Γsc,
but the spacing between these hydrophilic domains increases
significantly as side chain length increases (Figure 7c, inset). In
this case, the shift of the ionomer peak to lower q is caused by
increase spacing between the hydrophilic domains (i.e.,
hydrophobic domain sizes) rather than the increase in the
hydrophilic domain sizes themselves.
At high hydration (Figure 7b), we observe similar trends in

the scattering profile as in the low hydration case. There is a shift
in the peak location toward smaller q-values and a slight increase
in the peak intensity with increasing Γsc. At high hydration, we
observe a more substantial increase in the scattering intensity in
the low-q range than in the low-q case, particularly as the spacing
is increased from Γsc = 4 to Γsc = 8, with the low-q scattering
intensity at Γsc = 8 approaching that of the peak intensity. In
Figure 7d, we observe similar hydrophilic domain size

distributions for Γsc = 2 and Γsc = 4, with the distribution
broadening with increasing Γsc. The hydrophilic domain size
distribution at Γsc = 8 at high hydration has a different profile
than in the other two side chain spacings; it shows a significantly
broader peak with a persistent tail that extends out toward a
domain size of 4 nm. The hydrophilic domain size distribution
for Γsc = 8 shows the formation of significantly larger hydrophilic
domains, which is reflected in the increased low-q scattering
intensity. The spacing between the hydrophilic domains due to
the presence of hydrophobic domains is not significantly
affected by the level of hydration as similar distributions of the
hydrophobic domain sizes are seen at λ = 12 as compared to λ =
2. It is apparent that in the case of Γsc = 8, the difference in the
scattering profile, particularly the increase in low-q scattering, is
a result of the hydrophilic domains growing significantly while
maintaining similar hydrophobic domain size and therefore
hydrophilic domain spacing as in the low hydration case.
In Figure 7e, the onset of percolation changes significantly

with varying Γsc; the onset of percolation is at low hydration (λ =
1) for Γsc = 2 and at high hydration (λ = 20) for Γsc = 8. The
tortuosity of the percolated hydrophilic domains increases with
increasing Γsc. A high side chain spacing leads to larger, less

Figure 8. Results for ionomers with average side chain spacing ⟨Γsc⟩ = 4 including monomodal solution (black), binary mixtures (blue), and mixtures
with statistical side chain spacing (red). The three binarymixtures aremade up of the following side chain spacings,Γsc

A = 2, 2, and 2 andΓsc
B = 6, 8, and

10, with fractions of chain A, fA = 0.5, 0.66, and 0.75. Partial structure factor of the hydrophilic components (water, sulfonate, and counterion beads) at
λ = 2 (a) and λ = 12 (b). Hydrophilic domain size distributions for λ = 2 (c) and λ = 12 (d). Insets in (c) and (d) show the hydrophobic domain size
distributions. (e) Plot of the hydrophilic domain directions percolated vs λ. (f) Plot of tortuosity of percolated hydrophilic vs λ.
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connected, and more tortuous hydrophilic domains (Figures 7
and S5 in Supporting Information). A low side chain spacing will
produce hydrophilic domains that are percolated even at low
hydration and have low tortuosity while maintaining a similar
domain thickness to the domains in Γsc = 4 (Figures 7 and S5 in
Supporting Information). As we know that increasing the side
chain length while maintaining constant λ leads to a decrease in
the system water volume fraction, we plot the percolation and
tortuosity analysis for the varying side chain lengths against the
system water volume fraction in Figure S6 in Supporting
Information, where the same trends are observed as in Figure
7e,f.
With changing side chain spacing, the shifts observed in the

scattering peak and location at both low and high hydration are
driven by the changes in spacing between the hydrophilic
domains, rather than the size of the domains. Additionally, the
formation of large hydrophilic domains in the case of Γsc = 8 at
high hydration is reflected in the low-q scattering intensity. The
shifts in the scattering peak location with increased side chain
spacing are similar to results from the study by Win et al.,66

where they studied the effects of varying the degree of
sulfonation of fluorine-free terpolymers on the hydrophilic and
hydrophobic domain structure. By increasing the degree of
sulfonation, the ion exchange capacity of the polymer is
increased, similar to decreasing the side chain spacing in our
study. Win et al. observed a shift toward higher-q values of the
ionomer peak and a decrease in the low-q scattering intensity
with increased sulfonation.
3.2.2. Blends of Chains with Different Side Chain Spacing

and Polydisperse Systems with Varying Side Chain Spacing
within Each Chain. In the case of binary blends, we consider
two populations of ionomer chains with side chain spacing
values Γsc

A and Γsc
B; fraction of chain A, fA, is set to result in a

prescribed mean side chain spacing value of ⟨Γsc⟩ = 4. The three
binary blends have Γsc

A = 2, 2, and 2; Γsc
B = 6, 8, and 10; and fA =

0.5, 0.66, and 0.75. In the case of polydisperse systems, ionomer
chains’ side chain spacing values were selected from a Gaussian
distribution (as detailed in Section 2.4) with ⟨Γsc⟩ = 4, and
varying standard deviations, σsc = 1,2. The spacing distributions
and mean spacing values are shown in Figure 5b. These five
mixed (blends or polydisperse) systems are compared to the one
monodisperse system with an exact periodic spacing of Γsc = 4.
All systems have 2sc = .
Plots of the partial structure factor of the hydrophilic

components at low and high hydration (Figure 8a,b) show
two distinct profiles distinguished between the three binary
blends (blue), the two polydisperse (red), and monodisperse
systems (black). At low hydration, the binary blends have a
slightly lower scattering peak intensity and higher scattering
intensity at the low-q range than the polydisperse and
monodisperse systems. Among the binary blends, the low-q
scattering intensity increases as the magnitude of the difference
between the spacing of chain A and chain B, |Γsc

A − Γsc
B|, is

decreased. Between the monodisperse and polydisperse, the
former shows lower scattering intensity in the low-q range, and
the latter shows that the spacings selected from the broader
distribution, σ = 2, lead to higher scattering intensity at the low-q
range. At high hydration, the same trends in the scattering
profiles observed at low hydration follow, with all systems
showing higher low-q scattering intensities as compared to the
low hydration state.
The hydrophilic domain size distributions at low hydration

(Figure 8c), show no difference between the six systems. At high

hydration (Figure 8d), the hydrophilic domain size distributions
vary only slightly in breadth, with the binary blends having a
narrower distribution and the polydisperse system having a
broader size distribution with the monodisperse system’s
behavior lying in between the two−binary blend and
polydisperse. In the three binary blends, the side chain spacings
for chain A are all set to Γsc = 2. At high hydration, the presence
of chains with a small side chain spacing appears to have an
impact on the resulting hydrophilic domains, with the side chain
spacing of chain B having a smaller impact on the morphology.
Increasing the variance of the side chain spacings along the
chains in the polydisperse system leads to broader hydrophilic
domain size distribution. Again, the hydrophobic domain sizes
that create the spacing between the hydrophilic domains are
more significantly affected by varying the design of the ionomer
blend. At both low and high hydration, the binary blends have
hydrophilic domains that are slightly closer together than those
of the monodisperse and random polydisperse systems. As the
side chain spacing of the second component in the binary blend
increases, the spacing between the hydrophilic domains
decreases. Meanwhile, as σsc increases for the random dispersity
systems, the hydrophobic domain size distributions become
broader. As with the monodisperse systems with varying side
chain spacing, the shift in ionomer peak location is primarily
explained by the spacing between the hydrophilic domains
rather than the hydrophilic domain size.
Interestingly, in line with the scattering profile trends and

hydrophobic domain size distributions, the propensity for
percolation and the tortuosity of the percolated hydrophilic
domains for the binary blends are distinct from those of the
monodisperse and polydisperse systems. Figure 8e shows that
the binary blends have an onset of percolation that occurs
between λ = 1 and λ = 3. The onset of percolation between the
binary blends correlates with the magnitude of the difference
between the spacing of chains A and B, |Γsc

A − Γsc
B|, where an

increase in the difference leads to the onset of percolation at a
lower value of λ. In the preceding section, we observed that the
low side chain spacing, Γsc = 2, is partially percolated at λ = 1.
The binary blends contain some number of chains with Γsc = 2,
and their propensity to percolate at lower λ correlates with the
fraction of chain A, fA, with Γsc = 2. Similarly, the tortuosity vs λ
(Figure 8f) shows the same trendwhere havingmore chains with
Γsc = 2 leads to domains with lower tortuosity. For both the
onset of percolation and the tortuosity of the percolated
domains, the monodisperse system behaves similarly to the
polydisperse system, with no perceptible difference between the
two polydisperse systems with different σsc.
Overall, polydispersity in the side chain spacing along each

chain does not bring about a different behavior compared to a
monodisperse system with the same average side chain spacing.
However, creating binary blends with the same average side
chain spacing as the monodisperse system shows substantially
different percolation behavior and tortuosity; this is due to the
presence of chains with a low side chain spacing having a strong
influence on the percolation and tortuosity as well as shifts
toward smaller hydrophilic domain spacing as compared to the
monodispersed and random grafted systems.
As to why the binary blends show an increase in the low-q

scattering intensity as compared to the monodisperse and
polydisperse systems is not obvious as the spacing between
hydrophilic domains is lower for the binary blend systems
despite showing higher low-q scattering intensity. If we consider
the monodisperse systems, chains with Γsc = 8 show a large
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increase in the low-q scattering intensity as compared to Γsc = 2
and 4; this increase in low-q scattering intensity for Γsc = 8 is the
result of the formation of large (2−4 nm) hydrophilic domains
that are not well-connected and isolated from each other (Figure
S5 in Supporting Information). In the case of the binary blends
with ⟨Γsc⟩ = 4, the domains are similar in thickness to the
monodisperse and polydisperse systems but have lower
tortuosity and much higher propensity to percolate than the
monodisperse and polydisperse systems. High percolation and
low tortuosity are also seen in the monodisperse Γsc = 2 systems;
however, they did not exhibit increased scattering intensity at
low-q (Figure 7a,b) like the binary blends do. Additionally, the
hydrophobic domain size distributions are similar between the
binary blend systems (Figure 8c,d) and themonodisperseΓsc = 2
system (Figure 7c,d), with the binary blend systems being
slightly larger. This leads us to the conclusion that there are
fundamental differences in the hydrophilic domain structures
between themonodisperse Γsc = 2 systems and the binary blends
that are not seen in the hydrophilic domain size distribution,
tortuosity, and onset of percolation but are present in the low-q
scattering intensities.

From the above observations, we have learned two important
lessons: (i) similar features in the scattering profile can arise
from different features in the real-space domain structures,
which means interpretation of scattering profiles has to take this
“degeneracy” into consideration. (ii) Mixing ionomer designs
within the same material either by blending of two populations
of monodisperse chains or by introducing polydispersity in each
chain can lead to fundamentally different domain structures
whose features manifest differently in the scattering profiles.
This underlies the limitations of interpreting scattering profiles
using fits to traditional analytical models, and there is a need to
develop more sophisticated real-space structural reconstructions
that can quantify these subtle structural differences.

3.3. Effect of Varying Side Chain Length on Scattering
Profiles and Real-Space Domain Structure. 3.3.1. Mono-
disperse Systems. The length of the side chain determines the
influence of the hydrophobic backbone on the local environ-
ment around the charged end groups, whereby increasing the
side chain length allows the charge group to become more
isolated from the hydrophobic backbone. By increasing or
decreasing the distance between the charged end groups and

Figure 9. Results for ionomers with side chain spacing Γsc = 4 and varying side chain length. Partial structure factor of the hydrophilic components
(water, sulfonate, and counterion beads) at λ = 2 (a) and λ = 12 (b). Hydrophilic domain size distributions for λ = 2 (c) and λ = 12 (d). Insets in (c) and
(d) show the hydrophobic domain size distributions. (e) Plot of the hydrophilic domain directions percolated vs λ. (f) Plot of tortuosity of percolated
hydrophilic vs λ.
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backbone, the ability of water molecules to organize around the
sulfonate end groups will change accordingly. As stated earlier,
the variability in the side chain length inherently leads to
differences in EW, and as shown in Section 2.4 of this paper as
well as previously in other work,45 changes in the EW can
drastically affect the ionomer structure. Determining whether
the changes observed upon varying the side chain length are due
to the increase in distance between the sulfonate end group and
the polymer backbone or simply due to changes in themass ratio
of dry polymer to sulfonate end groups (i.e., relative number of
neutral beads to charged beads in CG ionomer) will require
further study.
At low hydration (Figure 9a), the partial structure factor of the

hydrophilic domains for varying side chain lengths of
1, 2, 3sc = shows that increasing sc leads to an increase in

the peak scattering intensity as well as a shift in the peak location
toward smaller q-values. Increases in the scattering intensity in
the low-q range are also observed with increasing sc. At low

hydration, these changes in scattering intensities are most
pronounced going from 1sc = to 2sc = .
At high hydration (Figure 9b), λ = 12, the partial structure

factor of the hydrophilic domains shows that increasing sc leads
to an increase in the peak scattering intensity as well as a shift in
the peak location toward smaller q-values. At low-q range,

3sc = exhibits a higher scattering intensity than the lower two
values of the side chain lengths.
With regard to the real-space hydrophilic domain size

distribution, at low hydration (Figure 9c), the hydrophilic
domain size distributions are similar between the three side
chain lengths, with 1sc = producing hydrophilic domains with
the largest mean domain size, and sc= 3 producing hydrophilic
domains with the smallest mean domain size. At high hydration
(Figure 9d), the hydrophilic domain size distributions for 1sc =
shows hydrophilic domains that are substantially greater in size
than the 2sc = and 3sc = . In contrast, the spacing between the
hydrophilic domains increases significantly with 1sc = at both
low and high hydration.

Figure 10. Results for ionomers with average side chain length 2sc = , including monomodal solution (black) and a binary mixture (red). The three
binary mixtures are made up of chains with side chain lengths, lscA = 1, and lscB = 3, with fraction of chain A, fA = 0.5. Partial structure factor of the
hydrophilic components (water, sulfonate, and counterion beads) at λ = 2 (a) and λ = 12 (b). Hydrophilic domain size distributions for λ = 2 (c) and λ
= 12 (d). Insets in (c) and (d) show the hydrophobic domain size distributions. (e) Plot of the hydrophilic domain directions percolated vs λ. (f) Plot
of tortuosity of percolated hydrophilic vs λ.
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These results in Figure 9a−d show that as the hydration
content is increased, the growth of the hydrophilic domains for
ionomer chains with 1sc = is more significant as compared to
ionomer chains with 2sc = and 3sc = . We observe that a large
increase in the low-q scattering intensity can be a signature of
significant growth of the domain sizes, although the results in the
preceding section show that this correlation is not exclusive. We
also observe that while the hydrophilic domain sizes show subtle
variations that contrast the shift in ionomer peak q-value (shifts
to higher q occur with increases in domain size), the more
substantial difference in the spacing between the hydrophilic
domains (i.e., hydrophobic domain sizes) better explains the
ionomer peak shifts. Longer side chains lead to hydrophilic
domains that are spaced further apart, explaining the shift of the
ionomer peak to lower q.
Next, from the plot of the onset of percolation in each of the

three dimensions (Figure 9e), we observe a similar onset of
percolation for the three side chain lengths, but with 2sc =
having the most propensity for percolation and 1sc = having
the least propensity for percolation. While the mean domain size
decreased with increasing sc, the onset of percolation is
nonmonotonic with respect to sc. This is due to 1sc = having
the lowest propensity for percolation despite having the largest
hydrophilic domain sizes and smallest hydrophilic domain
spacing.
The tortuosity of the percolated hydrophilic domains (Figure

9f) shows a monotonic relationship between tortuosity and side
chain length, with 3sc = having the highest tortuosity. If we
compared the tortuosity metrics generated upon changing side
chain spacing (Figure 7) and changing side chain length (Figure
9), we find some interesting results. Increasing side chain
spacing of the polymer led to drastic changes in tortuosity values
from 1.7 to 5.0 at λ = 12 (Figure 7f). In contrast, increasing side
chain length led to minimal changes in tortuosity from 2.2 to 3.5
at λ = 12 (Figure 9f). Further, as shown in Table 1 where we
connect the EW values to the values of side chain spacing and
length that we consider, the increase in EW values is more
drastic with increasing side chain spacing than it is with
increasing side chain length. Comparing the tortuosity values of
increasing EW values, we can conclude that increasing EW leads
to an increasing tortuosity.
3.3.2. Mixing Side Chain Lengths in the 50:50 Binary Blend.

To determine if mixing ionomers with different side chain
lengths can alter the hydrophilic domain structures as compared
to the analogous monodisperse system, we modeled one binary
blend with an average side chain length of 2sc = , composed
of a 50:50 blend of ionomers with 1sc

A = and 3sc
B = .

Figure 10a,b shows that at both low and high hydration, the
monodisperse systems 2sc = show a narrower peak with the
peak location at a higher q-value and slightly higher peak
intensity as compared to the binary blend with 2sc = . The
low q-range scattering intensity is substantially higher for the
blend as compared to that for the monodisperse system; this is
similar to our observations when comparing the blends of
ionomers with different side chain spacing to their monodisperse
counterpart. The cause for this increase in the low-q scattering
intensity is not clear as the hydrophilic domain size distribution
measurements show similar size distributions between the
monodisperse and binary blend, with the former having a slightly
higher mean domain size at low hydration (Figure 10c) and at
high hydration (Figure 10d). The hydrophobic domain size
distributions (Figure 10c,d, insets) also show only a small shift to

smaller sizes for the binary blends when compared to that for the
monodisperse system. The tortuosity and onset of percolation
between the two systems are similar, with the monodisperse
system having a slightly higher propensity for percolation and
slightly lower tortuosity (Figure 10e,f). In the previous section,
we observed that the ionomers with 1sc = had substantially
larger structures at high hydration though the changes to the
onset of percolation and tortuosity of the hydrophilic domains
were similar to the other two side chain lengths. In the blend, we
do not observe the emergence of the large hydrophilic domain
structures observed in the monomodal solution with 1sc = at
high hydration, yet the low q-range scattering intensity is high
for the blend as is the case for monodispersed 1sc = . The
decrease in percolation propensity and increase in tortuosity
seen in the blended systems as compared to that in the
monodispersed system coincide with a decrease in the spacing
between the hydrophilic domains (i.e., decreasing hydrophobic
domain sizes), suggesting the decrease in connectivity is not due
to the hydrophilic domains becoming more isolated from one
another.

4. CONCLUSIONS
Understanding design rules for ionomers and having the ability
to interpret the significance of features in the measured
scattering profiles are both crucial steps needed for developing
new and improved ionomer materials. In this study, we
investigated the effects of varying the design of ionomer chains
on the hydrophilic domain’s morphology at various hydration
contents with emphasis toward relating hydrophilic compo-
nents’ scattering profiles to the real-space structural features of
the hydrophilic domains. Here are key conclusions from our
study:
(i) Changing the ionomer designs and hydration content

leads to observable changes in the scattering profile of the
hydrophilic components, but how these changes are
linked to the real-space hydrophilic domain properties is
nontrivial. The trends observed in the real-space
structural analysis with changing design does not
necessarily match the trends observed in the scattering
profiles; for instance, the scattering profile for 3sc =
shows a substantial increase in low-q scattering intensity
when the hydration content is increased from λ = 2 to λ =
12 despite the hydrophobic domain size distribution
shifting toward smaller sizes for both side chain lengths
and the hydrophilic domain size distribution showing
modest growth toward moderate domain size (∼2 nm)
with the increase in hydration. This motivates the need to
perform real-space analysis on the structures that are more
sensitive to subtle variations at the intradomain and
interdomain levels. In addition to employing alternate
real-space structural analysis from simulations to interpret
scattering profiles, we believe data-driven computational
methods are needed to deconvolute the variations
observed in the scattering profiles to real-space changes
in hydrophilic domain structures.

(ii) Our study shows that blending ionomers with a side chain
spacing Γsc = 2 with ionomers with Γsc > 4 to achieve an
average spacing of ⟨Γsc⟩ = 4 leads to hydrophilic domains
with variable structures as compared to monodisperse
ionomers with Γsc = 4. This suggests that blending
ionomers could be a viable approach for altering the
morphologies of the hydrophilic domains of hydrated
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ionomers. In contrast, polydispersity in side chain spacing
within the ionomer chains did not alter the structure from
that seen in analogous monodisperse system with same
average side chain spacing.

(iii) Studies of ionomer side chain length show some
microstructural differences; these include variable tor-
tuosity as well as variable hydration states required for
percolation. Ionomers with short side chain length of

1sc = seemed to demonstrate larger ionic domains;
however, they had the least propensity for percolation.
When comparing 50:50 blends of ionomers with two side
chain lengths, with amean side chain length of 2sc = to
the monodisperse 2sc = system, we find similar domain
size distributions, onset of percolation, and tortuosity of
the hydrophilic domains. Yet, there are significant
variations in the binary blend and monodisperse systems’
scattering profiles, particularly in the low q-range
scattering intensities. The explanation for why there is a
difference in the low-q intensities without any obvious
differences in our real-space structure analyses is elusive at
this time.
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