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We perform molecular dynamics simulations of coarse-grained ionomer melts with two different

architectures. Regularly spaced charged beads are placed either in the polymer backbone (ionenes) or

pendant to it. The ionic aggregate structure is quantified as a function of the dielectric constant. The low

wave vector ionomer scattering peak is present in all cases, but is significantly more intense for pendant

ions, which form compact, discrete aggregates with liquidlike interaggregate order. This is in qualitative

contrast to the ionenes, which form extended aggregates.
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Ionomer melts, polymers with a small fraction of
charged groups and no solvent, are of interest as novel
battery electrolytes, among other applications. Without
screening of Coulombic interactions by solvent, strong
ion-ion interactions can yield aggregates of ions. These
lead to interesting mechanical properties, but potentially
hinder counterion transport. A characteristic feature of
ionomers associated with the length scale of ionic aggre-
gation is a low wave vector peak in the scattering. The
underlying microstructure has been debated for decades,
and several competing models [1–3] are currently used to
fit the peak. There has been relatively little guidance from
other experiments (microscopy provides important infor-
mation, but a typical image shows a 2D projection of many
overlapping aggregates) [4,5] or from simulations to
confirm or refute such models and interpret the specific
structural meaning of the ionomer peak.

The Yarusso-Cooper and related models are popular
methods of fitting the ionomer peak [1,2,5–7], and propose
that spherical regions of increased ion density (aggregates)
pack like hard spheres of a larger size (the radius of closest
approach). Recent scattering measurements of ionomers
with a precise spacing of anions along the polymer chain
show their ionomer peak is much stronger than that of
randomly spaced analogs, indicating a relatively high de-
gree of interaggregate order [4,5]. Analysis of micrographs
reinforces the model of spherical aggregates for this system
[5]. These materials present an obvious starting point for
modeling. We present molecular dynamics (MD) simula-
tions of two coarse-grained models of ionomers with pre-
cisely spaced charges, having periodically spaced charged
beads either within (ionenes) or pendant to the polymer
backbone, which lead to qualitatively different morpholo-
gies. The results provide a detailed picture of the order
within and among ionic aggregates and the resulting scat-
tering peak.

Most previous theoretical and simulation studies of ion-
omers have focused on hydrated membranes of interest in

fuel cell applications [8]. Water changes the aggregation
behavior and is avoided in batteries. One group has simu-
lated a dry ionomer, still considering the specific chemistry
typical of fuel cell membranes and not including free
counterions [9]. Modeling dry ionomers with explicit
counterions, which influence aggregation and are espe-
cially relevant for battery applications, has rarely been
done. Coarse-grained MD simulations of polymers with
ions on the ends of the chain (telechelics) [10] and peri-
odically spaced in the chain backbone (ionenes) [11],
including counterions, have been performed. The latter
system is similar to our ionene model, but those simula-
tions were small and focused on glass transition
behavior.
We performed simulations on large systems which for

the first time clearly resolve the ionomer peak and average
aggregate behavior. When the charged groups are pendant
to the polymer backbone rather than part of the backbone,
the ionomer peak is sharper. We demonstrate that the
pendant peak length scale corresponds to liquidlike order-
ing between discrete aggregates.
We employ a bead-spring polymer model [12]. A unit of

9 backbone beads is repeated 4 times per chain. The middle
bead of the repeat unit is either charged (the ionene archi-
tecture) or is bonded to a charged pendant bead. Other
polymer beads are uncharged, and an equal number of
oppositely charged counterions are added. We use typical
Kremer-Grest parameters [12,13]; all beads interact
through a repulsive Lennard-Jones (LJ) potential with
�LJ ¼ 1:0 shifted to zero at its minimum, and adjacent
beads are connected by the finitely extensible nonlinear
elastic potential with R0 ¼ 1:5 and k ¼ 30 (LJ units). The
LJ diameter of all polymer beads is 1:0�while the counter-
ion diameter is 0:5� and the cross interaction is additively
mixed. All beads and counterions have unit mass. A bead
of this model maps approximately to three CH2 units
in a polyethylene backbone [13], which also corresponds
to the size of a COO� group [14] and yields �� 0:4 nm.
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Our counterion diameter maps approximately to the ionic
diameter of Naþ � 0:2 nm.

Long-range electrostatics were fully accounted for with
the particle-particle particle-mesh method in the LAMMPS

MD code [15]. A Langevin thermostat is used with a di-
mensionless damping constant of 1.0 and constant reduced
temperature T� ¼ kT=�LJ ¼ 1. The dielectric constant of
the medium �r is inversely proportional to the Bjerrum
length, lB ¼ q2=ð4��0�rkTÞ, the distance at which the
Coulomb interaction equals kT, where �0 is the vacuum
permittivity and q is charge. The dimensionless quantity
�=lB was varied from 0.014 to 0.070 in increments of 0.014.
This corresponds to �r of 2 to 10, which approximately
mimics the range of typical ionomer backbone chemistries
from polyethylene to poly(ethylene oxide). The system
packing fraction �t ¼ ð�CIð0:5�Þ3 þ �B�

3Þ�=6 was set
to 0:7�=6 ¼ 0:366, in the range typical of polymer melts,
where � represents number density and the subscripts CI
and B stand for counterions and polymer beads, respec-
tively. The cubic simulation box contained 800 polymers
and 3200 counterions, giving a side length of 34:7� for
ionenes or 35:9� for pendants. Polymers and counterions
were placed in the box randomly and equilibrated for 107

time steps of 0:005�, where � is the LJ time unit. Data
were obtained for an additional 4� 107 time steps.

Periodically during the simulation time, the mean
squared displacement (MSD) of polymer centers of mass
and of counterions was calculated after subtracting the
small total system center-of-mass displacement. These
MSDs were each linear in time by the end of the simulation
for all but the lowest �r ¼ 2. The related systems consid-
ered in Refs. [10,11] each showed a glass transition at�=lB
between that of our �r ¼ 2 and 4 systems. We also find that
the �r ¼ 2 system is glassy; the polymer center of mass
MSD is less than 1:5� and the counterion MSD is less than
3� by the end of the simulation for both the pendant
and ionene architectures. In the remainder of this letter
we discuss well equilibrated, diffusive �r � 4 systems.
At �r ¼ 4, the counterion MSD of the pendant systems
is �200� and that of ionenes is �1500� by the end
of the simulation, while the analogous polymer center of
mass MSDs are 30� and 250�. Analysis of counterion
and aggregate dynamics will be reported in a future
publication.

To examine the structure we calculated partial pair
correlation functions gijðrÞ from 400 configurations using

the visualization software VMD, which was also used to
create images [16]. Partial structure factors SiiðkÞ ¼ 1þ
�ihiiðkÞ were calculated from a Fourier transform of
hijðrÞ ¼ gijðrÞ � 1. Cluster (aggregate) analysis was per-

formed on 101 configurations in the first quarter of the
simulation time by grouping any oppositely charged ions
within a distance of 0:9� of each other into the same
aggregate, and then by tallying the number of ions in and
calculating the spatial extent of each resulting aggregate.

The cluster analysis revealed ionic aggregates in all
systems; their sizes are reported in Table I. At �r ¼ 4,
the pendant system forms discrete aggregates with a nar-
row size distribution, as quantified by the small standard
deviation in the mean aggregate size (note �agg < nagg).

The ionenes form a fundamentally different structure at
�r ¼ 4, with a large percolated ionic aggregate that spans
the system. Ionene aggregates other than the percolated
structure are of a wide variety of sizes, with �agg > nagg.

Increasing �r destroys the ionenes’ percolated structure
and decreases aggregate size. At high �r, the ionene and
pendant systems show relatively similar behavior. We
therefore focus on the well ordered case of �r ¼ 4 where
polymer architecture has the greatest effects.
Snapshots of the ionene and pendant systems at �r ¼ 4

also show their different morphologies (Fig. 1). The pend-
ant aggregates are compact, while ionene aggregates are
more extended or stringlike. In our fully neutralized ion-
omer model, aggregates are dense ion-only structures,
rather than regions of relatively higher ion density that
also include polymer backbone as proposed experimen-
tally to reconcile the size of aggregates in the Yarusso-
Cooper model fit with calculated ionic volume fractions
[2,6,7]. Even at �r ¼ 10 (not shown) where single ions
are common, the small stringlike or globular aggregates
that do exist exclude uncharged polymer segments. The
Eisenberg-Hird-Moore ionomer model proposes dense
multiplets but does not include the liquidlike interaggre-
gate ordering we find in the pendant system [3]. We also do
not observe ‘‘core-shell’’ aggregates [1]: we find nearly
pure polymeric and ionic regions, but not surrounding
regions of intermediate ion density.
The counterion-counterion scattering structure factors

of the ionene and pendant systems at �r ¼ 4 are shown
in Fig. 2; the charged bead-charged bead structure factors

TABLE I. Aggregate and ionomer peak data: the mean nagg
and standard deviation �agg of ionic aggregate size (number of

counterions and charged beads) and the height SCI-CIðk�Þ and
wave vector k� of the ionomer peak in the counterion structure
factor.

Architecture �r nagg �agg SCI-CIðk�Þ k�ð��1Þ
Ionenes 4 33.2a 42.0a 5.0 1.4

Ionenes 6 13.9 18.3 2.5 1.4

Ionenes 8 5.3 5.0 1.7 1.5

Ionenes 10 3.3 2.7 1.4 1.5

Pendants 4 30.8 10.9 15.4 1.2

Pendants 6 20.3 20.3 5.7 1.2

Pendants 8 7.2 7.4 2.9 1.2

Pendants 10 4.1 3.8 2.0 1.4

aSome aggregated ionic structures of ionenes at �r ¼ 4 are
percolated. For this system 76% of ions are in the one or two
structures which span the box and are not included as
‘‘aggregates.’’
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are nearly identical (not shown). The pendant system’s
peak is extremely sharp. The peak is at the same wave
vector as its aggregate center-of-mass to center-of-mass
ordering peak (calculated from cluster analysis results and
shown by the dash-dotted line), similar to the assumption
of Yarusso-Cooper type models. Using the map to nm, the
peak position is �3:0 nm�1, in the range of experimental
results on related materials [5,6]. The ionene system’s peak
is significantly smaller and instead corresponds to the long-
range order within its percolated ionic structure. Increasing
�r decreases aggregation and the height of the ionomer
peak (Table I).

The charged bead (CB)—counterion (CI) and CI-CI pair
correlation functions are shown in Fig. 3 for ionenes and
pendants at low and high �r. gCB-CBðrÞ is very similar to

gCI-CIðrÞ and is not included. The first CB-CI peak is at
�0:75�, the CB-CI contact distance, while the first two

CI-CI peaks are at
ffiffiffi

2
p

and 2 times this distance (the first of
which becomes a shoulder at �r ¼ 10). These latter two are
the distances between like charges in a planar quadrupole
and in linear triplets of ions, respectively. At high �r,
Coulomb interactions and the associated local order are
weak, and the second peak in gCI-CIðrÞ becomes stronger
than the first, signaling that linear þ�þ� (or longer)
arrangements are relatively more prevalent than squarelike
configurations in compact structures. The pendants and
ionenes have slightly different locations of their other short
range peaks, as the pendants form more compact structures
while the ionene aggregates are more stringlike. These
differences are diminished at high �r.
A long-range peak occurs at �r ¼ 4 that is significantly

more intense and longer range for pendants than for

FIG. 1 (color). Snapshots of ionenes [(a) and (b)] and pendants
[(c) and (d)] at �r ¼ 4. Snapshots (a) and (c) show only the
charged beads and counterions in one simulation box. Results of
a cluster analysis were used to color the images; the percolated
structure of the ionene system is transparent yellow, while other
aggregates are colored from red to white to blue in order of
increasing aggregate size. Aggregates are each drawn contigu-
ously with the aggregate center-of-mass in the given periodic
box. Images (b) and (d) are of three selected nearby polymers
showing loops and bridges between aggregates. Tubes represent
bonds, charged beads are gray spheres, and any other charged
beads and counterions within 1:5� of these polymers are trans-
parent gray. Polymer end segments are green, segments between
charged beads which bridge between aggregates are red, those
looping back closely within an aggregate are blue, and those
looping back within the percolated structure are magenta.

FIG. 2 (color online). Partial structure factors for pendant and
ionene architectures at �r ¼ 4.

FIG. 3 (color online). (a) Charged bead-counterion and
(b) counterion-counterion pair correlation functions for the noted
architecture and �r.
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ionenes and corresponds to the ionomer peak in SðkÞ. This
feature is nearly identical in gCB-CIðrÞ, gCI-CIðrÞ, and
gCB-CBðrÞ (not shown), suggesting an overall length scale
of ordering of both counterions and charged beads. In the
pendant case, this corresponds to interaggregate order,
while in the ionene case this corresponds to mesoscale
ordering within the large percolated structure. Both local
and long-range order is stronger in the pendant case. Being
bonded to 1 instead of 2 uncharged beads, the pendant can
associate with a greater number of surrounding nearest
neighbor ions. The pendant charged bead can also poten-
tially insert itself into an aggregate with less loss of poly-
mer entropy since its backbone does not enter into the
structure as it must in the ionene case. Thus, both enthalpic
and entropic considerations apparently favor more com-
pact aggregates in the pendant ionomers versus the ion-
enes, leading to their qualitatively different ionic aggregate
morphologies.

The polymer backbone is intimately involved in the
spacing between aggregates, as exhibited by the conforma-
tions of 3 selected ionene and pendant polymers shown in
Figs. 1(b) and 1(d), respectively. Polymer backbone seg-
ments connecting adjacent charged beads are identified as
either bridges between different aggregates or loops back
into the same aggregate (or back into the same percolated
structure) during our cluster analysis, and loops are cate-
gorized as ‘‘close loops’’ if their charged beads are within a
distance of 1:8�. For pendants at �r ¼ 4, 74% of backbone
segments are bridges, helping to set the interaggregate
length scale. With fewer discrete aggregates in the ionenes,
only 30% of segments are bridges. Two nearby close loops
can set the interaggregate distance similar to a backbone
bridge as shown in Fig. 1(d). Close loops make up 20% of
backbone segments for pendants at �r ¼ 4, while only 6%
of segments loop further away but within an aggregate.
This reflects the increased polymer ordering in this system
versus ionenes, which have only 15% close loops.

We considered several related systems to ensure the
accuracy of our results. A very large box containing 6400
pendant polymers (� 2:8� 105 total beads and counter-
ions) was simulated at �r ¼ 4, and finite box size effects
were seen to be very small. For this system of 6400
polymers and all other systems with 800 polymers per
box, all ion-ion gijðrÞ oscillate within 1% of unity by

half of the box length. Density was varied up to 0:85�=6
at �r ¼ 4 in initial calculations using 100 polymers per
box. The resulting gijðrÞ and SijðkÞ were qualitatively very
similar to those at 0:7�=6, but increasing density slowed
down equilibration, and by �t ¼ 0:85�=6, full equilibra-
tion was not reached during the time scale of the simula-
tion. The �r ¼ 4 systems started from different random
initial configurations did not show noticeable differences
in gijðrÞ on the scale of the figures presented here.

We have shown that simple molecular models of pre-
cisely spaced, fully neutralized ionomers yield a strong

ionomer peak at low dielectric constant. Qualitatively dif-
ferent ionic aggregate structures can give rise to similar
ionomer peaks in the scattering. The pendant architecture
shows a very sharp peak and significant liquidlike order
between its well-defined aggregates. In contrast, the ionene
system’s peak corresponds to mesoscale order within a
percolated ionic structure. Simulations thus give a more
detailed molecular picture of ionic structures in ionomers
than can be obtained experimentally.
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