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ABSTRACT: Ionizable groups tethered to a polymer backbone
often associate to form ionic clusters, whose features are
determined by the balance of the polymer backbone and
electrostatics. These assemblies impact the dynamics of the
macromolecules and their ability to transport ions. Here, using
fully atomistic molecular dynamics (MD) simulations, we
investigate the effects of the distribution of ionizable groups
along the polymer backbone on cluster characteristics and the
resulting impacts on the structure and dynamics of amorphous
polymers. Particularly, we probe polystyrene sulfonates (PSS) with
random, precise, and block configurations of the SO3

− sulfonate groups along the backbone with Na+ as the counterion. We find that
the distribution of the ionic groups affects the shape and distribution of the clusters as well as the internal packing of the ionizable
groups in the cluster and the number of unique chains that participate in each cluster, affecting the structure and the dynamics of the
polymers. The signature of ionic clusters, observed in the static structure factor S(q) for all three distributions, is significantly more
pronounced for the precise and blocky polymers compared to the random one. Remarkably, we find that the local mobility of the
polymer segments is not only affected by the number and size of the clusters but also by the number of polymer chains associated
with clusters.

■ INTRODUCTION

Polymers that consist of ionic groups tethered to their
backbone often associate to form clusters that drive the
structure and dynamics of these macromolecules.1−3 They
control the structure and dynamics of the polymers and impact
the mechanical stability as well as ion and water transport
characteristics in these materials, which in turn affect their
many applications from clean energy to biotechnology. In the
low ionic decoration regime, often termed the ionomer regime
(less than ca. 20% decoration),1 both the electrostatic
interactions and the chain conformation affect the properties
of the polymers, where the distribution of ionic groups along
the backbone affect both. However, the critical impact of the
distribution of the ionic groups along the polymer backbone
remains an open question predominantly since a vast number
of studies have been constrained by synthetic routes that often
produce a specific distribution. Here using molecular dynamics
(MD) simulations, we investigate the effects of the distribution
of ionizable groups along the polymer backbone on cluster
formation and the interrelation with the structure and
dynamics of amorphous polymers.
Driven by synthetic routes, a large number of experimen-

tal3−9 and computational10−14 studies have focused on
polymers with random distribution of ionizable groups.
These macromolecules cluster and constrain the dynamics of
the chains as shown by Weiss et al.6 who showed that a small

fraction of ionizable groups on a short polystyrene, below the
entanglement length, is sufficient to significantly slow the
polymer motion. These clusters often dominate the structure
of these melts and are characterized by an interaggregate
distance signature (ionic peak) in the static scattering factor
S(q), where q is the momentum transfer vector, measured by
both small-angle X-ray scattering and neutron scattering. The
shape of the aggregates is reflected in the line shape of the
ionic peak and has been further probed by transmission
electron microscopy,7 where within the resolution of the
measurements, a significant number of ionic clusters appear
spherical.9,15 Further insight regarding chain conformation is
obtained from the scaling of S(q) with q at the chain packing
regime.
Recent synthetic efforts were able to tether ionizable groups

at a precise distance through acyclic diene metathesis
polycondensation, forming relatively short polymers with
well-defined distribution of ionizable groups.16 These polymers
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exhibit significant differences in their structure and dynamics in
comparison with random copolymers, as have been shown by
Seitz et al. for precisely sequenced poly(ethylene-co-acrylic
acid) ionomers.9 The ionomer peak in these polymers exhibits
a well-defined interaggregate correlation compared with
randomly spaced materials, as has been shown by X-ray
scattering and numerical simulations, with chain packing
signatures that are typical to semicrystalline macromole-
cules.9,14 Computational studies were able to capture the
higher intensity and narrower lines of the ionomer signature
observed experimentally and provided further insight regarding
the dynamics. Studies of the segmental motion by Frischknecht
et al.17 on precise poly(ethylene-co-acrylic acid) ionomers
showed that the local motion of the chains slows down as
clusters are formed, which is in excellent agreement with quasi-
elastic neutron scattering. Hall et al.13 studied precise ionomer
melts using coarse-grained models with explicit counterions
and compared them with the corresponding random system.
They observed that the clusters relax faster than the polymer
for the precise ionomers; however, this is reversed for a
random system. The behavior of the precise polymers is typical
of semicrystalline polymers.
The structure and transport characteristics of polymers with

random and precise distributions of ionizable groups along the
polymer backbone are clearly distinctive. The fundamentals
that under lie these differences, however, remain unresolved.
Using atomistic MD simulations, the current study probes the
effects of the distribution of the ionizable groups along the
backbone of an amorphous model polymer on the shape and
size of the ionic clusters along with the impact on the packing
of the ionizable groups within the clusters. These are correlated
with the mesoscopic structure and dynamics of the melts,
providing insight into materials designed with desired
structure−property characteristics. In particular, we investigate
ionomer melts of random (R), precise (P), and block (B)
polystyrene sulfonate (PSS) fully neutralized with Na+

counterions. The wealth of knowledge available for PSS is
invaluable for focusing on the impact of distribution of the
ionizable groups. Despite many ongoing uses of this polymer,
the span of technologies is constantly expanding, where the
interaction between clustering and properties is a key to their
use.18 Furthermore, PSS remains amorphous and therefore the
results provide insight into the inherent effects of ionic group
distribution. The correlations between the distribution of the
ionizable groups along the polymer backbone, cluster
characteristics, and adaptation ability of the material as
resolved by MD simulations are discussed.

■ MODEL AND SIMULATION METHODS
Random, precise, and block PSS molecules of 80 monomers
(molecular weight ∼8950 g/mol) with 10% sulfonation were
constructed using Polymer Builder and Amorphous Cell modules in
BIOVIA Materials Studio. For the random system, eight sulfonated
groups were randomly added to each chain. For the precise system,
each chain had one sulfonation group every 10th monomer starting
from the 5th monomer. Finally, for the block system, four sulfonated
monomers were placed consecutively every 24th monomer resulting
in polymers with two blocks of four sulfonated monomers per chain.
These systems contained a total of 270, 248, and 280 molecules for
random, precise, and block, respectively, with Na+ as the counterion.

The all-atom optimized potentials for liquid simulations (OPLS-
AA) force field by Jorgensen et al.19,20 were used to model the system.
Additional parameters for the sulfonate groups are given in refs
21−23. The polymers were initially equilibrated using LAMMPS.24

The intermolecular forces were described by Lennard-Jones
interactions with attractive r−6 and repulsive r−12 terms and Coulomb
interactions. The electrostatic interactions were calculated using
particle−particle particle mesh with a real space cutoff of 1.2 nm and a
precision of 10−6 for the attractive term of the Lennard-Jones
interactions and 5 × 10−4 for the electrostatic interactions. The
repulsive (r−12) Lennard-Jones interaction is truncated at 1.2 nm. The
reference system propagation algorithm25 with a multi-time-scale
integrator was used to accelerate the simulation. The time step is 1.0
fs for the bond, angle, dihedral, van der Waals interaction, and direct
interaction part of the electrostatic interactions and 4.0 fs for long-
range interactions. Periodic boundary conditions were used in all
simulations. LAMMPS data files were converted into GRO-
MACS26−28 [structure (.gro) and topology (.top)] because of
enhanced efficiency and melts were further equilibrated. Conversion
was carried out using a combination of ParmEd and InterMol tools.29

The electrostatics was treated using the particle mesh Ewald30

algorithm and a Fourier grid spacing of 0.12 nm. All harmonic bonds
involving hydrogen atoms were replaced with constraints using the
LINCS algorithm.31 The temperature was maintained using the
Bussi−Parrinello thermostat (v-rescale)32 with a time constant of 0.1
ps. The system pressure was maintained at 1 bar using the barostat by
Berendsen et al.33 The simulations were carried out using a 2 fs time
step. The MDAnalysis34 toolkit was used to perform an equilibrium
analysis.

All three melts were first equilibrated at 600 K at a constant
pressure of 1 atm using the Nose−́Hoover thermostat and a barostat
for ∼5 ns in LAMMPS. The dielectric constant ε was then increased
to 30 to reduce the residual electrostatic screening between the ionic
groups. Increasing ε breaks the ionic clusters, allowing the chains to
locally equilibrate.10 The melts were run for 30 ns at a constant
volume after which the dielectric constant was reset to 1. Each of the
systems was then run for 1000 ns in GROMACS at a constant volume
at density ρ = 0.94 g/cm3. This procedure allowed us to follow the
formation of the ionic clusters and dynamics of the chains. Ionic
clusters were formed over a period of ca. 120−150 ns after ε was set
to 1. After this period, no significant changes were observed in either

Figure 1. Visualization of SO3
− groups in melts of random (R), precise (P), and block (B) PSS for f = 0.10 at 600 K after 1000 ns. Clusters in each

system are colored based on the number of SO3
− groups associated (red < orange < yellow < green < teal < blue). For clarity, 1/8 of the systems are

shown. A black circled cluster represents the average cluster of SO3
− groups for each system.
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cluster sizes or their distribution. All results shown here are averaged
over the last 850 ns of the run.

■ RESULTS
Illustrations of cluster morphologies of SO3

− assemblies
observed in random, precise, and block PSS melts are shown
in Figure 1. Many of the ionic clusters for R-PSS are elongated,
whereas the clusters are more globular in P-PSS melts with
mixed structures of both elongated and globular for the B-PSS
melts. The results for R-PSS are consistent with the elongated
clusters observed by MD simulations in the study by Agrawal
et al.10 Note that a rich variety of shapes have been observed
for numerous ionomers; however, no clear driving forces for
the different morphologies have been yet established.
The distribution of the ionizable groups along the backbone

affects not only the topology of the clusters but also their size.
The ionic cluster size distributions Nnc, normalized to the total
number of chains N, are shown in Figure 2 as a function of NC,

the number of sulfur atoms per cluster. Two ionic groups are
considered to be in the same cluster if two sulfur atoms are
separated by a distance less than 6 Å, a number dictated by the
chemical structure of the sulfonated groups. The average
cluster sizes measured are 6.3, 5.8, and 10.1 for the random,
precise, and block systems, respectively.
The cluster distributions are relatively broad for all three

melts, the distribution of B-PSS being the broadest. The cluster
distribution of the block chains exhibits a much longer tail,
which shows that larger assemblies are formed.
The ionic clusters serve as physical cross-links in these

ionomer melts and thus affect the structural stability of PSS
melts compared to nonsulfonated PS. The ionic assembly may
consist of ionizable groups tethered to different chains (distinct
or unique chains) or groups that reside on the same backbone.
The number of unique polymer chains Nuc associated with
each of the clusters together with the size and shape of the
clusters govern the overall dynamics of the melts.3 Illustrations
of unique chains that contribute to an ionic cluster of an
average size for each of the three systems are shown in the
inset of Figure 2.
Ionic clusters of an average size consist of four unique chains

for random and precise systems and three for the block system.
The fraction of unique chains decreases with the increasing

cluster size for all three systems as shown in Figure 3. At large
Nc, the number of unique chains is directly proportional to the

cluster size. Significantly fewer unique chains are associated
with a given cluster size for the block melts compared to
random and precise systems.
Further insight into the effects of the ionic distribution on

the structure of the melts was obtained from the static
structure factor S(q) = |∑ibie

iq · ri|2/∑ibi
2, where q is the

momentum transfer vector and bi and ri are the scattering
length and position vectors of atom i, respectively. Due to the
periodic boundary conditions, the wave vectors q are limited to
q =

L
2π (nx, ny, nz), where L is the length of the simulation cell

and nx, ny, and nz are integers. S(q) was calculated using the
scattering length of the elements for neutrons, which
experimentally has provided an in-depth insight into the
structure of amorphous polymers. The scattering lengths bi for
neutrons for each of the elements are listed in Table 1.

S(q) as a function of q for the three different melts are
shown in Figure 4a with the data averaged over the last 850 ns
of the run. For high q, which corresponds to shorter
intramolecular distances, the distribution of the ionic groups
has hardly any effect. The correlation of the ionic clusters is

Figure 2. Number of clusters Nnc, normalized to the total number of
chains N, as a function of cluster size Nc (number of sulfur atoms), for
random (blue circle), precise (red square), and block (purple
triangle) PSS melts. The inset shows the snapshot of a cluster of
SO3

− groups (enlarged yellow and red spheres are sulfur and oxygen,
respectively) and associated polymers chains for each system. For
clarity, half the length of chains is shown. Different colors in the inset
represent distinct chains.

Figure 3. Averaged number of unique chains Nuc normalized to
cluster size Nc for random, precise, and block PSS melts.

Table 1. Neutron Scattering Lengths of Elements35

element scattering lengths (10−15 m)

H −3.74
C 6.65
S 2.80
O 5.80
Na 3.63

Figure 4. (a) S(q) as a function of q and (b) sulfur−sulfur radial
distribution function for random, precise, and block PSS melts.
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expressed in a peak at low q centered around q = 0.214, 0.254,
and 0.123 Å−1, which corresponds to an average distance
between ionic clusters of ∼29, 25, and 51 Å for random,
precise, and block melts, respectively. While the precise and
the blocky melts consist of rather similar interaggregate
distances, the block copolymer is characterized by significantly
larger dimensions. This low q peak is broader for the random
polymer than for the precise and block melts indicating a
relatively higher degree of interaggregate correlations even
though the polymer is amorphous. Previous X-ray studies of
precise polyethylene ionomers9,16 have shown similar trends,
though in this case the precise ionomers partially crystallize
whereas the random polymer remains amorphous.
To characterize the internal correlations within the ionic

clusters, we calculated the sulfur−sulfur (S−S) radial
distribution function g(r). The results are shown in (b). For
all three systems, the first peak at ∼4.3 Å corresponds to the
closest distance between two sulfur atoms in a cluster, whereas
the second and third correlation peaks are notably different.
The second correlation peak that captures the position of the
next neighbor sulfur is rather broad for the random distribution
melt and most sharp for the block copolymer. It is interesting
to note that the molecular dimensions captured by g(r) and
those of the ionic peak are entirely different. The trend of the
second correlation peak in g(r) and the q dependence and
intensity pattern of S(q) appear correlated. Higher correlations
are more intense for the block copolymer melt, where
significantly more sulfur atoms are tethered in proximity to
each other. The pair correlation function shows clear
differences in the packing of the sulfonated groups within
the ionic clusters that appear to propagate to correlations in
the nanometer dimensions reflected in S(q).
Following the observations of correlation between the

packing of the sulfur atoms and the ionic peaks for different
ionizable group distributions, we set to resolve the effects on
dynamics. Measurements on two different length scales were
carried out, the mean square displacement of the molecules
and segmental dynamics. The overall mobility of the polymer
chains was determined by measuring the mean square
displacement, MSD = ⟨[ri(t) − ri(0)]

2⟩ of the center of mass
(COM) of the chains for the three systems as shown in Figure
5a. Even though the polymer does not move their own
dimensions over the time of the simulations (1000 ns) due to
the presence of the ionic groups, which act as physical cross-
links and are hence kinetically trapped, differences in the local
segmental motion are observed between the three melts. For
comparison, the mean squared radius of gyration is ⟨Rg2⟩1/2 =

4.8 nm for R-PSS, 5.9 nm P-PSS, and 4.0 nm for B-PSS.
Interestingly, over the time scale of the measurement, the local
mobility of the block chains is higher than those for the
random and precise systems although the ionic clusters are
larger. The distribution of ionic groups along the polymer
chains affects the number of chains that participate in
individual clusters as shown in Figure 3, altering the nature
of the physical cross-links. For the blocky distribution, the
connectivity of the polymer chains across clusters is lower
compared to the two other distributions, while for precise and
random distributions, the position of sulfonated phenyl rings
along the polymer backbone reduces the local motion of the
chains.
Zooming into the internal dynamics of the polymers, we

compared the MSD of phenyl groups and sulfonated phenyl
rings. As seen in Figure 5b, the motion of sulfonated phenyl
rings for all distributions is significantly slower than that of the
nonsulfonated rings, as previously observed for random PSS
melts by Agrawal et al.11 For random and precise melts, about
97.5% of the sulfonated groups reside within assemblies, thus
they are more constrained, compared with the nonsulfonated
rings. The motion of both sulfonated and nonsulfonated
phenyl rings in the block melts is slightly faster compared to
the motion in the random and precise melts in almost all of the
sulfonated rings confined. In comparison with the local motion
of both phenyl rings in the random and precise melt systems,
we observe that in the precise melt system, the local motion of
nonsulfonated rings is slower, whereas the motion of
sulfonated rings is slightly higher than that in the random
melt. MSD is averaged over all sulfonated groups in the melts;
therefore, the number of confined S atoms and their internal
packing within the clusters affect their motion. While hardly
any S atoms reside outside the clusters, their MSD is directly
correlated with the overall motion of the COM.
The relation between the dynamics of ionic species and the

corresponding counterions is the critical factor that determines
the transport ability of polymers. As seen in Figure 5c, the
mobility of Na+ counterions in the block melt is slightly higher
than those for the random and precise melts, showing similar
trends of sulfonated phenyl rings as seen in Figure 5b.
Furthermore, Figure 5c shows that Na+ ions are condensed on
the ionic groups as they move largely with ionic groups in all
three systems.
As segmental dynamics is key to understanding the

mesoscopic motion of polymers, the normalized dynamic
structure factor S(q,t)/S(q,0) was calculated. The dynamic

structure factor S q t bb iq r t r( , ) exp . ( ( ) (0))
N i j

N
i j i j

1
, 1= ∑ [ − ]=

Figure 5. Mean square displacement as a function of time for (a) COM of chains, (b) phenyl rings without sulfonated groups (open symbols) and
sulfonated phenyl rings (closed symbols), and (c) Na+ ions (closed symbol) and sulfur (black dash line and symbol) in the ionic group for the
random (blue circle), precise (red square), and block (purple triangle) PSS melts.
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captures correlated motion of different length scales, depend-
ing on q. S(q,t) was calculated using 300 configurations, each
separated by 1 ns for the last 300 ns of the run. S(q,t) is
calculated for q’s on the order of magnitude of the interionic
domain correlations and smaller length scales. Representative
S(q,t) curves normalized to S(q,0) are shown in Figure 6 for
two values of q.

For all q values measured over the entire time span, the
relaxation is rather slow except at very early times, where a
signature of very fast dynamics, compared to the polymer
motion, is observed. At larger length scales, S(q,t) for the
precise and random melts practically overlap where the
dynamic scattering block melt decays slightly faster. With
decreasing dimensions, away from the ionic peak, S(q,t) for the
three melts decays slightly faster.
S(q,t) could not be captured by a single exponential pointing

to complex dynamics. With chains being confined by the ionic
clusters, a sum of two exponentials S(q, t) = A1e

−Γ1t + A2e
−Γ2t

was used to capture the behavior of S(q,t), where Γ1 and Γ2 are
the effective diffusion coefficients with Γ1 < Γ2 and A1 and A2
(A1 + A2 = 1) are weight constants that provide the relative
contributions of each of the dynamic processes to the overall
dynamics. The fits are shown as a solid line in Figure 6a for all
three PSS melts, and the corresponding effective diffusion
coefficients are shown in Figure 6b. The values for slow and
fast time constants and the corresponding pre-exponential
factors are given in Table 2.
The slowest effective diffusion Γ1 slightly increases with

increasing q, in agreement with the S(q,t) previous results by
Agrawal et al.10 for random melts. This is consistent with the
ionic clusters acting as physical cross-linkers and inhibiting
relaxation of the chains locally. A crossover region is observed
for the faster relaxation time Γ2 corresponding to a length scale
of ∼16 Å. This dimension is in the order of magnitude of the

Kuhn length of PS and attributed to the confinement region,
where the chain dynamics are strongly affected by the chains
being tethered to an ionic cluster.10,36,37 Both random and
precise systems show almost similar magnitudes of dynamics
and trends, with the block system exhibiting slightly faster
dynamics compared to the random and precise systems.

■ CONCLUSIONS

Here, the structure and dynamics of PSS melts were studied as
the distribution of ionizable groups along the polymer
backbone was varied. The shape of the clusters and their size
as well as internal packing of the sulfur groups within the
clusters were determined and correlated with the structure as
extracted by S(q) and dynamics as reflected in MSD and
S(q,t). Though the effects observed appear small, particularly
since the polymer is confined by the ionic clusters, the studies
have provided new insight into the length scale of confinement
and the correlation of cluster features and the macroscopic
dynamics in such melts. We find that the distribution of
sulfonated groups along the polymer chain backbone affects
the shape, size, and packing of the ionizable groups within the
cluster and in turn affects the mesoscopic properties. Random
PSS melts consist of predominantly elongated clusters, whereas
the clusters are more globular in precise PSS melts. A mix of
both elongated and globular clusters coexist in block melts.
The cluster size distribution for all melts is relatively broad,
with the block melts comprised of larger clusters compared to
random and precise melts. Furthermore, the internal packing
of the sulfonated groups within the ionic clusters as reflected in
the pair correlation function is affected by the distribution of
the ionic groups along the polymer backbone, controlling the
cohesion of the clusters. These differences in the packing of the
sulfonated groups within the ionic clusters appear to propagate
to correlations in the nanometer dimensions as reflected in
S(q). As expected for all melts, the polymer motion is
constrained on multiple length scales. However, fast and slow
dynamic processes are detected by S(q,t) that are attributed
directly to cluster-confined segments and those that reside
further away.
The local mobility of the block chains is higher than the

random and precise chains, even though the ionic clusters are
larger. This brings to light an intriguing insight regarding the
dynamics of the polymers, where the number of unique chains
associated with one cluster is directly correlated with the
dynamics of the polymers. Fewer unique chains associated with
a given cluster size for the block melts compared to other
systems result in faster dynamics. Finally, the Na+ ions are
condensed on the ionic groups as they move largely with ionic
groups in all three systems; however, counter dynamics in the
block melt is slightly higher than the random and precise melts.
The new insight into the correlations of ionizable group
distributions along the amorphous polymer backbone provides

Figure 6. (a) S(q,t)/S(q,0) versus time t for the indicated q values
(symbols) and double exponential fit (black solid line), (b) effective
diffusion coefficient Γi as a function of q for the random (open circle),
precise (open square), and block (open triangle) PSS melts. Slow
(Γ1) components are represented by solid symbols and lines and fast
(Γ2) components by open symbols and dashed lines.

Table 2. Slow (Γ1) and Fast (Γ2) Effective Diffusion Coefficients and the Corresponding Pre-Exponential Factors Extracted
from Double Exponential Fits for Random (R), Precise (P), and Block (B) PSS Melts

q (Å−1)

random precise block

Γ1 (ns
−1) A1 Γ2 (ns

−1) A2 Γ1 (ns
−1) A1 Γ2 (ns

−1) A2 Γ1 (ns
−1) A1 Γ2 (ns

−1) A2

0.2 0.030 0.10 1.13 0.89 0.029 0.10 1.11 0.91 0.034 0.19 1.48 0.81
0.3 0.032 0.12 0.98 0.88 0.030 0.12 0.97 0.88 0.036 0.24 1.29 0.76
0.4 0.033 0.29 0.75 0.71 0.031 0.34 0.64 0.65 0.037 0.27 0.89 0.73
0.5 0.034 0.37 0.71 0.63 0.032 0.43 0.58 0.57 0.039 0.32 0.83 0.67
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an opening for the design of polymers whose clustering
characteristics are controlled, affecting their potential applica-
tions.
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