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ABSTRACT
Rechargeable metal-ion batteries including Lithium-ion and Sodium-ion batteries represent
the most promising candidates for achieving the high energy density demands of electrochemical
storage. The development of energy-dense storage capabilities is of current focus in the scientific
community due to its potential to revolutionize renewable energy sources, such as the electric car,
making these resources more accessible. One of the significant downfalls of this technology,
however, are the organic liquid electrolytes used to facilitate ion transport. While these solvents
result in high ion conductivities, they suffer from high production costs as a result of their volatile
and flammable character. Replacement of the organic solvents with an alternative electrolyte may
offer a solution.
Solid polymer electrolytes (SPEs) are ionomers, or polymers containing charged ions.
Using SPEs in batteries reduces total weight and increases energy density; these batteries also
benefit from safer handling due to the polymer’s inert characteristics. However, low ion
conductivity, on the order of 10-7 to 10-4 S/cm, compared to liquid electrolytes at 10-2 S/cm
represents a significant drawback. A common polymer used in SPEs is Poly-(ethylene oxide)
(PEO) due to its low toxicity, and high electrochemical stability. Employing PEO as part of the
polymer backbone has the consequence of immobilizing the anionic ether oxygen atoms, leaving
the cation as the only mobile species. The mechanism behind the transport of the cation in these
single-ion conductors is of interest. The proposed work aims to decouple ion transport from the
segmental motion of the polymer by exploring ion transport in PEO-based sulfonate single ion
conductors. This will be evaluated in terms of sulfonation, varying ion content and mechanical
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properties. The objective of this thesis is to assemble previous simulation work and prepare three
papers for publication.
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Chapter 1
Sulfonation effects on ion aggregation and conduction in polyethylene-oxide-based
single ion conducting solid polymer electrolytes
David W. Caldwell II, Kan-Ju Lin, Janna K. Maranas, Zachary Zydonik

Abstract
PEO-based ionomers have been previously investigated for battery applications. Reports
so far confirm changes in polymer dynamics, cation solvation, and ion conduction mechanisms
with varying ion aggregation. We have used molecular dynamics simulation to study the
mechanism behind single-ion conduction with varying degrees of sulfonation using a PEO-based
ionomer. The simulations were carried out at four temperatures to investigate temperature
influence on conduction. Our study shows that varying the degree of sulfonation from 25% to
100% causes a large change in ion aggregation, significantly reducing the fraction of mobile free
ions. Despite the reduction, there was small impact to the overall ionic conduction in the system,
indicating ion aggregation as a dominate contributor to conductivity. Ion aggregates provide a
mechanism for ion transport which is partially decoupled from polymer dynamics. To improve
cation mobility at high ion conductivities, focus should be on attaining states that promote the
formation of ion aggregates.
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Introduction
Rechargeable metal-ion batteries including Lithium-ion and Sodium-ion batteries represent
the most promising candidates for achieving the high energy density demands of electrochemical
storage. [1, 2, 3, 4, 5] The development of energy-dense storage capabilities is of current focus in
the scientific community due to its potential to revolutionize renewable energy sources, such as
the electric car, making these resources more accessible. One of the significant downfalls of this
technology, however, are the organic liquid electrolytes used to facilitate ion transport. While these
solvents result in high ion conductivities, they suffer from high production costs, safety concerns
and thermal issues as a result of their volatile and flammable character. [6] Replacement of the
organic solvents with an alternative electrolyte may offer a solution.
Solid polymer electrolytes (SPEs) are ionomers, or polymers containing charged ions. The
use of high modulus SPEs in batteries has the potential to reduce total weight and increase energy
density; an increased energy density would be achieved as a result of reduced dendrite formation
permitting use of alkali metal anodes. [7, 8] These batteries also benefit from safer handling due
to the polymer’s inert characteristics. However, low ion conductivity, on the order of 10-7 to 10-4
S/cm, compared to liquid electrolytes at 10-2 S/cm represents a significant drawback. [1]
Poly-(ethylene oxide) (PEO) is a common polymer used in SPEs due to its low toxicity,
and high electrochemical stability. [9] Employing PEO as part of the polymer backbone has the
consequence of immobilizing the anionic ether oxygen atoms, leaving the cation as the only mobile
species. The mechanism behind the transport of the cation in these single-ion conductors is of
interest.
In the amorphous phase, the segmental dynamics of the polymer cause local fluctuations
that result in the cation moving to new coordination sites along the polymer chain resulting in a
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Vogel-Tammann-Fulcher temperature dependence. [10, 11] As the temperature approaches the
glass transition temperature, the segmental dynamics of the polymer drop, significantly reducing
conductivity. In the crystalline phase, ion conduction behaves similar to ceramic materials. [12,
13, 14] In the crystalline phase PEO6+Li, the formation of a helical structure by the polymer chain
has been shown to provide a pathway for conduction showing an order of magnitude increase in
conductivity. [15] Despite its higher conductivity, the conducting crystalline phase has a high
likelihood of melting from heat created during the charge and discharge cycles. There can also be
poor interfacial contact with the electrodes highlighting yet another drawback. Furthermore,
because of its immobile structure, the conduction mechanism in the crystalline is decoupled from
the polymer segmental dynamics making it a poor candidate for this study. To study the conduction
mechanism a semblance of structure that provides similar properties to the crystalline mechanism
must be induced into the amorphous phase.
Therefore, understanding the conduction mechanism in the amorphous phase is of interest.
At low ion concentrations, there is an optimal concentration, where adding more charge carriers
to increase conductivity is negated by the effects of higher ionic concentration including: a larger
extent of aggregation, higher polymer relaxation times, polymer ionic cross-linking, and a higher
glass transition temperature. [16, 17] At higher ion content, the limitations to conduction are not
as well understood. Dr. Lin indicates that at low ion association, the length of an aggregate is small
and thus does not provide a long enough channel to benefit charge motion. At higher ion
association, the number of free ions that can take advantage of the long conduction pathways is
reduced, due to a higher percentage of the ions forming the channels. [18] Previous experimental
data has shown a positive correlation between PEO spacer length and conductivity due to faster
segmental dynamics, but has failed to explain why a 400 MW spacer length exhibits higher
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conductivity than 600MW and 900MW spacer lengths. [19] Another study by Iacob and Runt
explores the role ion aggregation has on conduction [20] and prompts an inquiry into its role in
promoting versus hindering conductivity.
We investigate the effect of varying ion content by modulating the degree of sulfonation
with the goal of understanding the role ion aggregation mechanisms play in ion transport. The
relation between various properties and their impact on ion conduction are unfortunately difficult
to unravel. In polymer/salt electrolytes, the balance between increasing charge carriers and
increased ion association results in an optimal salt concentration for conduction. [21] Ion
association isn’t the only limiting factor: increasing salt concentration slows down polymer
dynamics and subsequently any conduction mechanism that relies on polymer motion. These
qualitative interpretations leave room for a more quantitative study on the dynamics of single ion
conductors and the underlying mechanisms involved. More specifically, it is not fully understood
what role ion aggregation plays when one of the ionic species is immobile.

Simulation Details
We use molecular dynamics (MD) simulation to investigate the effect of sulfonation on ion
aggregation and conduction. Three variables were of interest: ion content, sulfonation and
temperature. We initially develop the United Atom force field for the fully sulfonated PEO-based
ionomer. [22] The B3LYP density functional method at the 6-31+G* level is used to calculate the
partial charge distribution of the non-sulfonated isophthalate groups. Charges from electrostatic
potentials using a grid-based method are used to reproduce the charges in the form of electrostatic

5

potentials. [23, 24] Scaled partial charges are used to match experimental observables where
available. [22, 25, 26, 27]
To better control aggregate size, it is proposed that both ion content and temperature should
be varied. It has already been discussed that as ion content increases so does ion aggregation.
Modifying the temperature also allows for the additional control of ion aggregation. Wang et al
[28] uses X-ray scattering to show a positive correlation between ion aggregation and temperature,
indicated by an increased ionomer peak at a Q of 3 nm-1. Though these results give a qualitative
discussion on ion aggregation as a function of temperature, additional experiments are needs to
quantify the temperature effect on ion aggregation.
Each polymer chain is composed of 4 repeat units consisting of 13 PEO monomers and an
isophthalate group. Each chain end is methyl terminated. Ion concentration is controlled by varying
the fraction of isophthalate sulfonation; isophthalate groups to be sulfonated are chosen at random.
The sulfonate groups are neutralized by a sodium cation. Each simulation contains 27 chains
contained in a ~49 Å cubic box. The systems modeled are presented in Table 1. The simulations
are carried out using LAMMPS. [29]
Table 1. List of ionomers studied
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Results and Discussion

Dynamics

Ion conduction
To investigate the influence of ion aggregation on single ion conductors, two methods to
calculate ion conduction are employed. The first uses the Nernst Einstein equation and the ion selfdiffusion coefficients.
𝜎𝑠𝑒𝑙𝑓 =

𝑐𝑖 𝑧𝑖2 𝑒𝑜2
𝐷
𝑘𝐵 𝑇 𝑠𝑒𝑙𝑓

(𝐸𝑞 1.1)

The self-motion conduction term is influenced by the average of the cation and
anion diffusion, 𝐷𝑠𝑒𝑙𝑓 , and assumes their motion is uncorrelated. The total concentration of ions,
𝑐𝑖 , is multiplied by the unit charge of the ions, 𝑧𝑖 and the elementary charge of an electron, 𝑒𝑜 . 𝑘𝐵
is the Boltzmann constant and T is the temperature.
The second method for calculating ion conduction uses the Green-Kubo relation of
charge density fluctuations as illustrated by Eq. 1.2-4.
𝜎𝑐𝑜𝑙𝑙 =

𝑁𝑒0 2
𝐷
𝑉𝑘𝐵 𝑇 𝑐ℎ𝑎𝑟𝑔𝑒

𝐷𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑙𝑜𝑔∆𝑡→∞

〈𝑥⃑(∆𝑡)2 〉
2𝑑∆𝑡

(𝐸𝑞 1.2)

(𝐸𝑞 1.3)

𝑁𝑖𝑜𝑛 𝑁𝑖𝑜𝑛

2〉

〈𝑥⃑(∆𝑡)

1
=
∑ ∑ 𝑧𝑖 𝑧𝑘 (𝑥
⃑⃑⃑⃑(∆𝑡)
∙ ⃑⃑⃑⃑⃑(∆𝑡))
𝑥𝑘
𝑖
𝑁𝑖𝑜𝑛
𝑘

(𝐸𝑞 1.4)

𝑖

The Green-Kubo relation incorporates collective motion of charged species, shown in the
𝑥⃑(∆𝑡)2 term, which is not considered in the Nernst Einstein method. From available experimental
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data, Figure 1 shows the ability of the two methods to reproduce temperature and ion content
dependence.

Figure 1. Comparison of the conductivity from available experimental data to the two methods used
to calculate conductivity from molecular dynamic simulations. a) PEO600-50%Na b) PEO600-100%Na [16]

Upon inspection of the conductivity data at 423K, presented in Figure 2, a number of
distinctive features warrant further discussion. First, the two methods do not result in statistically
significant differences in the measured conductivity. Second, the error in the conductivity
calculation from the collective motion equation are significantly larger than the self-motion
calculation. Finally, the trend of conductivity with increasing ion content is either slightly positive,
or constant, at a given temperature.

Figure 2. A Linear-Linear plot of conductivity measured from simulations. The error bars are for the
collective data set. The error bars of the self-conductivity calculation are similar to the size of the data points.
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The first two points are addressed simultaneously by investigating the root cause of the
large fluctuations in the collective conductivity measurement. From Eq. 1.4, the double sum of the
i and k dot product can be separated into five different categories, depending on the identity of
atom i and atom k. When atom i=k and is a cation, the term represents cation self-diffusion,
likewise for anion self-diffusion. When i≠k, the term is representative of the correlated motion of
three different pairs of cross interactions: cation-cation, anion-anion, and cation-anion collective
motion. Figure 3 shows the contribution of each category, for a single sample, though other
samples show similar behavior.

Figure 3. A breakdown of the contributions to charge motion. a) The collective is the sum of Na self, S self,
and Cross. b) The cross term is composed of Na-Na, S-S, and Na-S terms. Data from PEO600-69%Na at
398K.

9

The anion-interactions have a minor contribution to charge motion as compared to cationinteractions. This behavior is expected, since the anion is chemically bound to the polymer and is
therefore significantly restricted in its mobility. The minor contribution of cation-anion collective
motion indicates that conduction is not significantly impacted by the collective diffusion of
neutrally charged aggregates. In Figure 3b, the cross term is decomposed into Na-Na, S-S, and NaS components. The total of the cross term closely follows the Na-Na component. The fluctuations
of Na-Na, varying from slightly positive before 75ns, to negative from 75ns to 375ns, and back to
positive after 375ns suggests that the large error bars shown in Figure 2 are a result of the Na-Na
term, or rather, the collective motion of cation self-diffusion.
The large fluctuations between constructive and destructive collective cation motion could
be a result of two factors. The first is the limited size of the system and the duration of the
simulation may not afford sufficient statistics to accurately capture cation-cation collective motion.
It is possible that if similar analysis were done on a larger simulation, the fluctuations would
average out and trend toward zero. This would cause Eq 1.2 to reproduce Eq 1.1, as the collective
contribution goes to zero resulting in majorly self-motion conduction. The second possibility is
that an isotropic simulation in finite periodic space is unable to accurately capture the collective
motion of atoms of identical species. This presents a difficult but possibly interesting set of future
investigations.
The similarity between the results of the two methods of calculating conductivity implies
that our investigation should focus on the self-diffusive method for conductivity calculations
which has the better signal to noise ratio. Focus on the results from the self-diffusion method
demonstrates a flat or slightly positive trend in conductivity vs. ion content. The typical behavior
in polymer/salt systems indicates that the range of ion content in this study is in the semi-dilute
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region. This presents an opportunity to investigate the changes which occur as ion content
increases and the role of aggregation on the ion transport mechanism.

Ion Diffusion
The diffusion of the sodium cation and the sulfonated anionic isophthalate group is of
interest in order to investigate the conduction mechanism. The self-diffusion coefficients for the
sodium cation and the sulfonate group are calculated from the long-time behavior of their meansquared displacement. Ion self-diffusion coefficients describe the rate of mass transport through a
medium and correlate to charge transport in electrolytes. Figure 4 shows the self-diffusion
coefficient of the ionic species as a function of ion content.

Figure 4. Linear plot of ion diffusion vs ion content for PEO600-Y%Na at 423K.

Figure 5. Log plot of ion diffusion vs ion content of PEO600-Y%Na at 423K.
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The anionic diffusion coefficient is over an order of magnitude less than the mobile cation,
demonstrating the effectiveness of reduced anionic mobility by binding the anion to the polymer
backbone. Due to the large difference in ionic mobility, the electrolyte exhibits a cationic
transference number near unity, given by Eq. 1.5.
𝜏+ =

𝜎+
𝜎

(𝐸𝑞 1.5)

A unity transference number is a desired property for battery operation. This reduces
anionic concentration gradients in the electrolyte, and consequently hinders dendrite formation.
Both cation and anion diffusion are reduced when ion content is increased, but only by a factor of
two. This is somewhat expected for concentrations within the semi-dilute region for reasons
elaborated on in the following sections.

Polymer Relaxation
Polymer dynamics play an important role in ion conduction, as well as mechanical
properties. The segmental motion of the polymer is described by the hydrogen self-intermediate
scattering function, which has previously been developed. [30] A two-component fit is used to
model the vibration and segmental relaxation data. An example fit composed of separate
Kohlrausch-Williams-Watts functions, using PEO600-50%Na at 423K is shown in Figure 6. The
two separate decays represent the necessity of the two-component fit to capture the hydrogen selfintermediate scattering function. The segmental dynamics measured from this data would be
comparable to the α process seen in dielectric relaxation spectroscopy if an appropriate Q value is
chosen. The relaxation times measured are approximately a factor of 10 lower than the reported α
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process [31]. The Q value chosen in this work was selected in order to compare to available Quasielastic Neutron Scatting data. [32]

Figure 6. Plot of the self-intermediate scattering function of PEO600-100%Na at 423K, fit to the product of
two KWW functions.

Figure 7. Polymer relaxation rate vs ion content of PEO600-Y%Na at 423K

As seen in Figure 7, the segmental relaxation rate, 1/τseg, has a negative correlation to the
Na:EO ratio. This is a result of two factors as discussed by Dr. Sinha [33] and Dr. Chen [31]. As
ion content is increased, the fraction of ether oxygen atoms coordinated to sodium ions increases.
Weak ionic crosslinks form between multiple polymer chains that coordinate with the same sodium
cation. The second factor influencing this correlation is the formation of ion aggregates. Aggregate
formation limits polymer motion due to the bound anion on the polymer backbone. Because the
anions from multiple chains form stronger ionic crosslinks, the relaxation time of multiple chains
become correlated to each other and the relaxation rate is reduced further.
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Figure 8. Log-Log plot of cation diffusion vs. polymer relaxation rate for PEO600-Y%Na at 423K, 398K,
373K, and 343K.

Ion diffusion and polymer relaxation rate are directly proportional for typical polymer salt
electrolytes [34, 35]. The single ion conductors studied in this work follow a different relation.
This is seen in Figure 8, where cation diffusion is a function of polymer relaxation rate. When
1

temperature is held constant, cation diffusion is approximately proportional to

1 2
(𝜏 ) .

A partial

decoupling of cation diffusion from polymer relaxation is indicative of a diffusion mechanism
unrelated to polymer motion. This proposes the question of what mechanism is involved in the
observed increase of ion diffusion. The role of diffusion through ion aggregates may explain this
observed trend and is investigated in a following section. But first, the environment around the
cation is investigated.
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Structure
The local environment around the sodium ion is described by the radial distribution
function of sodium with respect to other atomic species, shown in Figure 9. The probability density
is graphed against the equilibrium distance between element nuclei. In the polymer matrix, sodium
is solvated by the valence electrons of the ether oxygens (EO) on the polymer backbone and the
oxygens on the sulfonated isophthalate (Os). Sodium’s first solvation shell is clearly seen in the
first set of peaks of the Na-EO and Na-Os g(r) at 2.7Å. The strong presence of sulfur at 3.5Å, as
well as Na-Os’s second peak at 4.8Å, is due to the geometry of the sulfonate group and was
previously elaborated on by Dr. Lin [22].

Figure 9. Radial distribution function of sodium ions to every element in the simulation, for PEO600-100%Na
at 343K.

The location of the first peak in the Na-C and the Na-Na g(r) indicate a second, loosely
packed solvation shell. The presence of carbon in the second solvation shell originates from the
covalent bonds within the PEO monomer, causing the peak at ~3.7Å. The first peak in the Na-Na
g(r), located at 4.7Å, is 1.5 times above bulk density for PEO600-100%Na. The Na-Na peak
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represents the equilibrium distance between cations within the chain-like structure of an ion
aggregate.

Ion-Polymer Coordination
In the polymer matrix, sodium cations coordinate with ether oxygen atoms on the backbone
and are solvated by the partial negative charge. The extent of cation ether oxygen coordination
varies with ion content. As the Na:EO ratio increases, fewer ether oxygen atoms are available to
coordinate with the sodium ions. This change is a monotonically decreasing function, as seen in
the inset of Figure 10. The gradual change in the coordination number and the lack of change in
the equilibrium coordination distance is indicative that sodium coordination with the polymer
backbone does not change with increasing ion content. Though not shown here, the same trend is
true over the range of temperatures studied.
Previous simulations and powder diffraction results report a solvation shell of
approximately six oxygen atoms around sodium to completely solvate all cations. [36] However,
Figure 10 shows the coordination number drops below six with increased ion content, indicating
that all cations are unable to completely solvate. The reduction of sodium coordination with ether
oxygen means that other oxygen atoms are present in the first solvation shell. The source of the
remaining oxygen atoms must be from the anion.
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Figure 10. Na-EO radial distribution function, left axis solid lines. Right axis is the coordination number,
dashed lines. Inset is the coordination number at 3.6Å vs ion content.

Ion-Ion Coordination
The limited availability of ether oxygens at the higher ion concentrations means that
sodium coordinates with other oxygen atoms in order to maintain an energetically favorable
solvation shell. The remaining oxygens which make up the solvation shell come from the anionic
sulfonate group. Figure 11 shows that the types of coordination between the sodium ion and the
sulfonate oxygens do not vary with ion content, only the extent at which coordination occurs
relative to the bulk density.
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Figure 11. Sodium - Sulfonate oxygen radial distribution function of PEO600-y%Na at 423K.

Figure 12. Sodium - Oxygen coordination number vs ion content for PEO600-y%Na at 423K.

Figure 12 presents the sodium-oxygen coordination number over varying ion content. The
data is consistent with previous work, maintaining six oxygen atoms in the first solvation shell
regardless of ion concentration. However, the constituent oxygen atoms consist of fewer ether
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oxygens and more sulfonate oxygens as ion content increases. Furthermore, as the temperature is
lowered, the total number of oxygen atoms in the first solvation shell increases from 6 to 7.
The analysis of oxygens on the sulfonate group presents a challenge for classifying
ion aggregation. The proximity of the two peaks in Figure 11 makes it challenging for designating
a cutoff distance for determining if two ions are coordinated. This challenge is overcome by
selecting the sulfur atom as the center of the anionic group. This choice is made because of the
shape of the Na-S radial distribution function, shown in Figure 13. The local minimum in the radial
distribution function at 5.4Å, and the long plateau in the coordination number provides a clean
cutoff distance for determining cation-anion association. This cutoff has the added benefit of being
independent of ion concentration and temperature. The inset in Figure 13 presents an initial insight
on ion aggregation before further discussion in the next section. Specifically, the Na-S
coordination number monotonically increases with ion content, crossing above unity near an
Na:EO of 0.04. A coordination number above unity indicates the presence of ion aggregates
involving three or more ions.

Figure 13. Sodium Sulfur radial distribution function, solid lines left axis. Coordination number
dashed lines right axis. Inset is the Na-S coordination number at 5.4Å. All data from PEO600-y%Na at 423K
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Ion Aggregation
Ion aggregation was assessed by grouping ions together. Contrary to previous work by Dr.
Lin [22] and Dr. Lu [37], solvent-separated pairs are added to the classification of coordination
states. Ion association is classified into six different categories based on the number of ions
involved, shown in Figure 14.

Figure 14. Schematic of the various coordination categories.

The percent of ions in various ion aggregate states as a function of ion content is presented
in Figures 15 & 16. At the lowest ion content studied, 80% of the ions are either single, in a solventseparated pair, or contact pair. The percent of ions in these smaller associated states steadily
decreases as ion content increases, which is consistent with work from Molinara et al. which
observed the same trend using lithium cations. [38] By ~0.04 Na:EO, single ions represent only
2% of all ions. The lack of single ions at higher ion content is significant because single ions have
been assumed to be the major contributors of ionic conductivity [39, 16]. Over the same range of
ion content studied, the conductivity is relatively constant, however, suggesting there is another
contributor to the ionic conductivity.
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Figure 15. Percent of ions in the smaller association states vs ion content for PEO600-y%Na at 423K.

Figure 16. Percent of ions in larger association states vs ion content for PEO600-y%Na at 423K.

Seen in Figure 16, the triple and quadruple association states remain relatively constant;
the percent of ions associated with 5+ sized aggregates increases linearly as a function of ion
content and account for the majority of ions at a Na:EO of 0.05. The steady increase in 5+
aggregates is the result of limited availability of ether oxygen coordination sites as well as an
increase in local charge density. As ion content increases, the Gibbs free energy is minimized by
balancing the energy gained from ion coordination with the entropic cost from the more ordered
ion aggregate.

Ion Transport Mechanism
The transport mechanism for ions in polymer/salt electrolytes involves cations hopping
between available ether oxygen coordination sites either along a polymer backbone or between

21

polymer chains [10]. When ion aggregation occurs, groups of ions undergo mutual diffusion,
resulting in lower conductivity.
Ionomers, on the other hand, bind the anion to the polymer backbone preventing the mutual
diffusion of ionic aggregates by reducing the mobility of the anion. To investigate these ionomer
systems, three sets of analyses are presented: the applicability of the jump diffusion model; the
relation between cation diffusion and aggregate bond decay rate; and the contribution of ion
aggregation to overall ion transport.

Jump Diffusion
Diffusion in dense fluids is described by three regions. The ballistic region is at short
timescales, where a tracer particle moves in a straight line before colliding with its neighbors. The
dense nature of the fluid means that the time between collisions is short, as the neighbors pack
around the tracer particle to form a cage. While the tracer particle is trapped within the cage, the
tracer particle is in the cage region. The transitions from cage confinement to the diffusive region
can occur by two mechanisms. First, the entire atomic cage surrounding the tracer can undergo
mutual translational diffusion. With the tracer atom stuck inside the cage, the tracer atom would
undergo diffusion by proxy. The second mechanism is that thermal fluctuations distort the cage
and eventually provide an escape route for tracer atom to enter an adjacent cage. This second
mechanism, involving cage escape, is called jump diffusion.
It is possible to distinguish between the two mechanisms by calculating the radius of
gyration of the trajectory over a moving window of time longer than a jump event but shorter than
the residence time within a cage. This is based on a previously published method on quantifying
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jump diffusion [40]. However, the developed method is simpler in conceptual design and has more
accurate results. As an example, Figure 17 shows a sample of the raw data from a single cation.
The peaks in the radius of gyration indicate jump events while the minimums between peaks
represent the cation exploring space inside the atomic cage. The presence of the peaks is the
hallmark sign of jump diffusion; they would not be present if the atomic cage underwent
translational motion.

Figure 17. The radius of gyration of the temporal chain of a cation's trajectory.

From the peaks and troughs, distinct cages are identified and the jump length is defined as
the distance between cages. Figure 18 shows the distributions for the highest and lowest ion content
at 343K and 423K. The distributions do not differ significantly as a result of ion content, indicating
that cations are mostly screened from each other. The widening of the distributions at elevated
temperatures is also unsurprising, considering thermal expansion. Figure 19 shows the distribution
of residence times inside cages follows an exponential distribution as expected for random
independent events which occur with some fixed probability.
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Figure 18. Distributions of the cage size and jump lengths measured from a) PEO600-25%Na at
343K b) PEO600-25%Na at 423K c) PEO600-100%Na at 343K and d) PEO600-100%Na at 423K.

Figure 19. Distribution of cation residence times for PEO600-100%Na at 423K.

Since jump length is relatively unaffected by ion content there must be a reduction in the
jump rate to reflect the decrease in cation diffusion. This is confirmed in Figure 20 which shows
the jump rate does decrease as a function of ion content.
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Figure 20. Jump rate vs ion content measured for PEO600-y%Na at 343K.

The parameters from the jump diffusion model can be used to calculate the diffusion
coefficient according to Eq. 1.6.
𝐷𝑠𝑒𝑙𝑓 =

𝐿2
2𝑑𝜏

(𝐸𝑞 1.6)

Here, d is the dimension, in this case 3, L is the average jump length, and 𝜏 is the average
residence time in the cage, which is equivalent to the average time between jump events. Using
the values in Table 2 of Appendix A, the diffusion coefficients are plotted in Figure 21.

Figure 21. Comparison between diffusion coefficients from the long-time behavior of the mean
squared displacement, to the diffusion coefficients from the jump diffusion model.
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The diffusion coefficients from the jump diffusion model agree with the diffusion
coefficients from the long-time behavior of the mean squared displacement vs time analysis,
supporting the hypothesis that jump diffusion is a key component in the transport mechanism. The
self-diffusion at 343K appears to be an outlier, but even then, the jump diffusion model is
consistently overestimating the diffusion coefficient. This deviation could be an issue of poor
statistics at low temperature, or else suggestive that jump diffusion is only applicable at high
temperatures.

Figure 22. Log of Jump Rate vs 1000/T for PEO600-25%Na (Top), and PEO600-100%Na (Bottom).

Activation energies for the jump diffusion are estimated using the available data. Figure 22
shows two example fits for extracting activation energy. Figure 23 shows activation energies as a
function of ion content. There is negligible change outside the noise of the measurements to
ascertain a trend in activation energy.
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Figure 23. Jump Rate Activation Energy as a function of ion content for the PEO600-y%Na simulations.

Ion Aggregate Relaxation
The dynamics of ion aggregates are described by the ion aggregate disassociation time.
The ions which comprise the aggregate undergo Brownian motion due to thermal fluctuations and
deviations in the local charge density. The differences between cation and anion diffusion
coefficients result in a characteristic lifetime for the pseudo-ionic bonds between counter ions.
Fitting the decay of the pseudo-ionic bonds to a Kohlrausch-Williams-Watts function,
shown in Figure 24, provides a characteristic time for ion aggregate relaxation. The relaxation rate
of these pseudo-ionic bonds decreases with increasing ion content, seen in Figure 25. Otherwise,
it takes longer for the aggregate to dissociate at higher ion concentrations.
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Figure 24. Ionic bond decay vs time for PEO600-100%Na at 423K, fit to a KWW equation.

Figure 25. Ionic bond decay rate vs ion content at 423K.The solid line indicates a trend.

The importance of ionic bond relaxation rate is evident when related to cation diffusion.
Figure 26 shows that the relaxation rate of ion aggregates is directly proportional to cation
diffusion, across all temperatures and ion concentrations. This correlation indicates the main
component of the jump diffusion mechanism involves the breaking and reforming of pseudo-ionic
bonds. Such a mechanism explains the partial decoupling between ion diffusion and polymer
dynamics and can be investigated further by directly examining the cation coordination state over
the course of the trajectory. This is discussed in the next section.
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Figure 26. Log-Log plot of the cation diffusion coefficient vs aggregate relaxation time, using data from 423K,
398K, 373K, and 343K of PEO600-y%Na.

Free Ions vs. Coordinated
The combined effects of an increase in ion aggregation and slower polymer dynamics
present a question concerning the relationship between cation diffusion and polymer relaxation.
1 0.5

More specifically, is transport involving ion aggregates responsible for Dcation ∝ (𝜏 )

as discussed

previously? We use a technique to separate out three different modes of transport, presented in
Figure 27.

Figure 27. An enlarged view of the three ion transport mechanisms proposed.

The first mode of transport is the typically described ‘free’ ion motion, involving a cation
moving through poly(ethylene oxide) without coordination to an anion. Therefore, this mechanism
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is directly coupled to the relaxation of the polymer chain. The second mechanism involves ion
motion where cations move from one anion association directly to another without becoming a
‘free’ ion. This mechanism can be thought of as moving through or along the outside of an
aggregate and does not have the same dependence on polymer relaxation as the ‘free’ mechanism.
The third mechanism is the transition between the first and second mechanism, where a ‘free’
cation coordinates with an anion or vis versa where a cation that is coordinated with an anion
breaks its coordination and becomes a ‘free’ cation. It is expected that the dependence on polymer
relaxation for this mechanism would be similar to the ‘free’ cation mechanism.
By breaking the transport mechanism into these three parts, the contribution from each to
the overall ion transport is quantified. This is shown in Figure 28. At low ion content, ‘free’ cations
contribute 40% of the overall transport. As ion content increases, resulting in increased ion
aggregation and slower polymer dynamics, there is a crossover where transport involving ion
aggregation becomes the major contributor. At the highest ion content, ion aggregation involves
80% of the overall ion transport. The gradual change in the contribution of each mechanism
explains the overall partial decoupling of polymer and cation motion described by the Dcation ∝
1 0.5

(𝜏 )

dependence.

Figure 28. Fraction of total ion transport vs ion content from the three mechanisms at 423K for PEO600y%Na.
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Concluding Remarks
We have shown that ion content has a significant impact on the structure and underlying
dynamics in single ion conducting polymer electrolytes. When ion content is increased, the
solvation shell around sodium is supplemented by oxygens from the anionic sulfonate in order to
compensate for the lack of available ether oxygens. This behavior results in the formation of ion
aggregates composed of mobile cations and relatively immobile anions. Because the anions are
immobile, collective diffusion of the entire aggregate does not occur. This is divergent from
polymer/salt systems, where both ions are mobile and collective diffusion of aggregates hinders
conduction. In ionomers, the anions act as jump sites for cation diffusion and at high enough ion
content the formation of aggregates provides an alternative transport mechanism. The transition
from the ‘free’ ion transport mechanism to the anionic jump site mechanism results in an overall
transport mechanism which is proportional to (𝜏

1
𝑝𝑜𝑙𝑦

0.5

) . The next step is to investigate even higher

ion content to increase the use of ion aggregates in the transport mechanism.
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Chapter 2
Ion Percolation and conduction in high ion content ionomers.
David W. Caldwell II, Janna K. Maranas, Zachary Zydonik

Abstract
We study a PEO-based ionomer using molecular dynamics and observe the percolation of
ion aggregates in high ion content ionomers. The ion concentration threshold necessary for
percolation to occur, called the percolation threshold was examined. To analyze the effect
percolation has on ion dynamics, simulations were performed at three different temperatures:
373K, 398K, and 423K. Using percolation theory, a description for the ion aggregation distribution
is developed and discussed. Analysis on the ion transport mechanism shows that diffusion through
ion aggregates accounts for 78% of ion motion above the percolation threshold and is partially
decoupled from polymer dynamics. Additionally, ion percolation shifts to higher ion content at
lower temperatures due to an increased static dielectric constant and decrease in ion aggregation.

Introduction
Solid-state, ion-conducting electrochemical devices have shown great technological
advancement in an effort to replace aqueous/liquid electrolytes used in batteries, fuel cells, supercapacitors, electronic displays, etc. [1, 2, 3, 4, 5] Liquid electrolytes are flammable in nature and
consequently have safety and thermal operation concerns. [6] Meanwhile, numerous mobile ionic
species including Li+, Na+, H+ and others have been investigated for use in polymer electrolyte
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membranes [41, 42] The majority of current solid polymer electrolytes (SPEs) are PEO based
ranging in conductivity from 10-7 to 10-4 S/cm, which presents a significant drawback compared
to liquid electrolytes which have higher conductivities around 10-2 S/cm. [1]
SPEs consists of polymers containing charged ions. Their characteristic high modulus has
the potential to reduce total weight and increase energy density by minimizing the formation of
dendrites at the anodes in battery applications. [7, 8] Poly-(ethylene oxide) (PEO) is a common
polymer used in SPEs due to its low toxicity, and high electrochemical stability. [9] By
immobilizing the anionic ether oxygen atoms, the cation, Na+ in this case, is the only mobile
species.
The effect of percolation on ion transport is of interest. Percolation in the SPE studied in
this work is defined as an interconnected network of ion aggregates that provide an unbroken path
between the edges of space studied. Previous work has shown that ion aggregates may facilitate
ion transport at the high ion content studied herein, which is why the percolation of aggregates is
of interest.
To understand percolation, the polymer dynamics within the SPE are of interest. In the
amorphous phase, the segmental dynamics of the polymer cause local fluctuations that result in
the cation moving to new coordination sites along the polymer chain resulting in a VogelTammann-Fulcher temperature dependence. [10, 11] As the temperature approaches the glass
transition temperature, the segmental dynamics of the polymer drop, significantly reducing
conductivity. In the crystalline phase, ion conduction behaves similar to ceramic materials. [12,
13, 14] In the crystalline phase PEO6+Li, the formation of a helical structure by the polymer chain
has been shown to provide a pathway for conduction showing an order of magnitude increase in
conductivity. [15] Despite its higher conductivity, the conducting crystalline phase has a high
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likelihood of melting from heat created during the charge and discharge cycles. There can also be
poor interfacial contact with the electrodes highlighting yet another drawback. Furthermore,
because of its immobile structure, the conduction mechanism in the crystalline is decoupled from
the polymer segmental dynamics making it a poor candidate for understanding the relationship of
percolation to ion transport. A semblance of structure that provides similar properties to the
crystalline mechanism must be induced into the amorphous phase.
For these reasons, study of the amorphous phase ion conduction is studied. Studies that
have examined this phase at low ion concentrations have shown that an increase in concentration
above an optimal concentration, results in a larger extent of aggregation, higher polymer relaxation
times, polymer ionic cross-linking, and a higher glass transition temperature, all of which hinder
conductivity. [16, 17] However, the high ion content systems we study are less understood. An
increase in ion aggregation has been shown to reduce the number of free ions available to
contribute to the long conduction pathways [18] and that higher conductivities are typically
observed with increasing PEO spacer length. However, these explanations have failed to explain
why a 400 MW spacer length, which would observe an increase in ion aggregation, exhibits higher
conductivity than 600MW and 900MW spacer lengths. [19] Another study by Iacob and Runt
explores the role ion aggregation has on conduction [20] and further prompts the investigation of
ion transport within ion aggregates and the role of percolation on conductivity.

Simulation Details
We use molecular dynamics (MD) simulation to investigate the effect of percolation on ion
dynamics. We initially develop the United Atom force field for the fully sulfonated PEO-based
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ionomer. [22] The B3LYP density functional method at the 6-31+G* level is used to calculate the
partial charge distribution of the non-sulfonated isophthalate groups. Charges from electrostatic
potentials using a grid-based method are used to reproduce the charges in the form of electrostatic
potentials. [23, 24] Scaled partial charges are used to match experimental observables where
available. [22, 25, 26, 27]
To better control aggregate size, it is proposed that both ion content and temperature should
be varied. It has already been discussed that as ion content increases so does ion aggregation.
Modifying the temperature also allows for the additional control of ion aggregation. Wang et al
[28] uses X-ray scattering to show a positive correlation between ion aggregation and temperature,
indicated by an increased ionomer peak at a Q of 3 nm-1. Though these results give a qualitative
discussion on ion aggregation as a function of temperature, additional experiments are needs to
quantify the temperature effect on ion aggregation.
Each polymer chain is composed of four isophthalate groups and four poly(ethylene-oxide)
spacers in alternating order. Sulfonate groups, with corresponding counter sodium cations, are
placed on all isophthalate groups. Ion concentration is controlled by varying the number of
monomers units in poly(ethylene-oxide) spacers, ranging from 3 to 13 repeat units. The chain ends
are methyl terminated. Each simulation contains 27 to 64 polymer chains, chosen based on an
approximation of polymer density in order to set the dimensions of the simulation to a 49Å cubic
box. The exact dimensions are determined through a volume equilibration. The systems modeled
are presented in Table 2. The simulations are carried out using LAMMPS. [29]
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Table 2. List of ion polymer systems

Name
PEO600-100%Na
PEO500-100%Na
PEO400-100%Na
PEO300-100%Na
PEO200-100%Na
PEO150-100%Na
PEO100-100%Na

PEO Spacer (n)
13
11
9
7
5
4
3

%Na (y)
100
100
100
100
100
100
100

# cations
108
128
144
176
216
256

288

ion content (Na:EO)
0.077
0.091
0.111
0.143
0.200
0.250
0.333

Results and Discussion

Characterization of Ion Aggregation
The previous work done by Dr. Lin [18] and Dr. Lu [37] has described the structure and
configuration of ion aggregates as linear chain-like structures of alternating positive and negative charges.
This size distribution is characteristic of worm-like micelles at the studied concentrations, with an
occasional branching structure described as ‘dust.’ This description is elaborated on and quantified by
treating the aggregates as graph structures.
A graph is a type of structure composed of nodes and path vectors. The path vectors connect the
nodes to each other, forming a network. In the case of ion aggregates, the ions are represented by the nodes
while the distance vectors between coordinated counter ions are the paths. The distance vectors thereby are
defined as the backbone, with any path deviating off the backbone defined as a branch.
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Figure 29. Left side, a backbone aggregate structure with all the branches hidden. Right side, the same
backbone aggregate structure but with the branches displayed. Snapshot from PEO150-100%Na at 423K.

An aggregate backbone with branching structures is shown in Figure 29. The structure of this
aggregate displays self-similar behavior, akin to fractal L-systems. This stipulates that branching off the
main backbone can be long enough to result in further branching. The occurrence of branching increases in
higher ion content systems, as the probability of larger aggregates increases.
The overall probability of a branch at a given ion content can be calculated using Eq. 2.1.
𝑁

1
𝑛𝑏
𝑃𝑏𝑟𝑎𝑛𝑐ℎ (𝜙) = ∑
𝑁
𝑠𝑖

(𝐸𝑞 2.1)

𝑖=1

For a given ion content, 𝜙, the branch probability is the total number of branches, 𝑛𝑏 , per total
number of backbone ions, s, in aggregates of size i. Figure 30 shows the branch probability as a function of
ion content. As ion content increases, the branch probability linearly increases before leveling off at
approximately 0.8, indicating a saturation of branches and the possibility of the formation of percolated
aggregates.
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Figure 30. Branch probability vs ion content of PEOn-y%Na at 423K.

While Eq 2.1 describes the overall probability of branching in a system, the size dependency of
branch probability is not addressed. Figure 31 shows the branch probability as a function of aggregate size.
The significance is that the branch probability of aggregates below some characteristic size, Sξ, show the
same logarithmic growth regardless of ion concentration. Moreover, it appears the configurations of
aggregates below Sξ are concentration independent.

Figure 31. Branch probability vs aggregate size for PEOn-y%Na at 423K.
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The Percolation Threshold
Percolation is defined as the presence of an interconnected network that provides an unbroken path
between opposite edges of space. The network that provides the path can be empty space, such as when
water percolates through a filter, or an interconnected network of objects, like carbon nano-tubes providing
a path for electric conduction. There are analytical models which accurately describe percolation for simple
discreet lattices, but the complexity of continuum systems means that computer simulations are generally
required.
In the context of this work, ion aggregation has been described as an avenue for ion transport
partially decoupled from polymer dynamics. It is therefore beneficial to study the percolation of these ion
aggregate networks and analyze their effect on ion transport.
An ion aggregate is classified as percolating if its size is infinite. That is to say that the aggregate
recursively connects onto itself through periodic space (Figure 32). Before discussion of the results, the
dynamics and size of this system are described.

Figure 32. A percolated ion aggregate structure found in PEO200-100%Na at 423K.
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In infinite space, the onset of percolation at the critical concentration is a step function; the system
is either below the percolation threshold and therefore not percolating with a percolation probability of zero,
or the system is above the percolation threshold and has a percolation probability of 1. The step function
becomes a sigmoid function at finite size, with the sigmoid function stretching as the size of the system is
reduced. Qualitatively this is understood by considering very small systems. There is a higher probability
for small systems to produce percolation because the total number of configurations is small when
compared to larger systems. This means that for finite systems just below the percolation threshold, there
is a nonzero but below unity chance of percolation to be observed.
This makes it possible to determine the probability of percolation by calculating the
fraction of frames in the trajectory which display percolation. The binary nature of the measurement means
that a plot of percolation over time would be uninformative, as the data would either have a value of 1
indicating percolation or 0 indicating lack of percolation. Taking the overall average as the percolation
probability, Figure 33 shows that a sigmoid does indeed reproduce the shape of the data at an Na:EO ratio
of 0.24 at 423K. This corresponds to an ion volume fraction of 0.084 and a PEO space length of ~180g/mol.

Figure 33. Percolation probability vs ion content for PEOn-100%Na at 373K, 398K, and 423K. Sigmoid
function are fit to the data.

Performing the same analysis at 398K and 373K shows that the percolation threshold shifts to high
ion content at lower temperatures. This is reasonable and is due to the static dielectric constant increasing
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as temperature is reduced. In other words, the ability for poly(ethylene-oxide) to solvate ions decreases at
higher temperatures due to higher entropy in the system. [43, 44, 45, 46] This reduction in ion solvation by
the polymer host matrix at high temperatures results in increased ion aggregation, and thus a lower ion
concentration is required to induce percolation.

Ion Aggregation using Percolation Theory
A benefit of percolation theory is its framework for describing clustering, even away from the
percolation threshold. This allows for the development of a single equation which reasonably describes ion
aggregate distribution across a range of ion concentrations below the percolation threshold and at the three
temperatures studied in this work. It must be said that this approach is general and relies on a relatively
accurate set of distributions for ion aggregate sizes. Mentioned in previous work, the atomics stimulations
are lacking in statistical accuracy when compared to coarse grain simulations [37]. This is a concern, as the
individual plots of ion aggregate size distributions are comparatively noisy. This is made up for the fact
that the noise of a single simulation is random and should therefore be effectively averaged out when
performing the compound analysis across a wide range of ion content. Another concern is box size effects.
Box size effects indicate the current atomistic simulations are slightly smaller than required for describing
the tail end of the ion aggregate size distribution. With that being said, the following analysis should be
taken as a qualitative assessment of applying percolation theory to describe the ion aggregate size
distribution. For a more quantitative analysis, it is suggested to increase the volume of the simulation by a
factor of eight.
To begin, percolation theory uses the cluster number distribution, 𝑛𝑠 (𝑝), which describes the
number of clusters of size s per some unit of volume. Here p represents the volume fraction of the clustering
monomers, which can also be thought of as the probability of an arbitrary unit of volume containing a
monomer. For this analysis, the unit of volume is selected to be the volume of a single ion with radius of
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1.75Å, half the average distance between coordinated ions. The cluster number then is related to the
aggregate size distribution, 𝑤𝑠 (𝑝), by Eq. 2.2.
𝑤𝑠 (𝑝) =

𝑠𝑛𝑠 (𝑝)
𝑝

(𝐸𝑞 2.2)

Following this description, the cluster number distribution 𝑛𝑠 (𝑝) for an arbitrary system follows a
universal scaling form (Eq. 2.3).
𝑛𝑠 (𝑝) = 𝑞0 𝑠 −𝜏 𝑓[𝑞1 (𝑝 − 𝑝𝑐 )𝑠 𝜎 ]

𝑓𝑜𝑟 𝑝 < 𝑝𝑐

(𝐸𝑞 2.3)

The importance of this form is that 𝜏 and 𝜎 are universal constants that only depend on the
dimension of the system. For 3D systems, 𝜏 is 2.2 and 𝜎 is 0.42 and are provided in literature from
simulations [47, 48]. The variables 𝑞0 and 𝑞1 are proportionality constants that depend on the system, and
𝑝𝑐 is the critical concentration for percolation. Finally, the function f is the scaling function that is
independent of 𝑝 and 𝑝𝑐 . The functional form of f is system and dimension dependent and therefore must
be determined. The functional form can be determined by plotting

𝑠𝜏 𝑛𝑠 (𝑝)
vs 𝑞1 (𝑝
𝑞0

− 𝑝𝑐 )𝑠 𝜎 , shown in Figure

34. Here we see that the data for each temperature collapses onto a single function with the shape of a
compressed exponential 𝑒 −𝑥

𝛽[𝑇]

.
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Figure 34. Data collapse of aggregate structures using percolation theory. From top to bottom, temperatures
are 423K, 398K, and 373K.

With the functional form of the cluster number distribution, Eq. 2.2 and Eq. 2.3 are combined to
give an equation for the distribution of aggregate sizes (Eq. 2.4).
𝑤𝑠 (𝑝) = 𝑞0 𝑝−1 𝑠1−𝜏 𝑒 −(𝑞1 (𝑝−𝑝𝑐 )𝑠

𝜎 )𝛽[𝑇]

(𝐸𝑞 2.4)
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For completion and book keeping purposes, it should be noted that 𝑤𝑠 (𝑝) needs to be
normalized to ensure,
∞

∑ 𝑤𝑠 (𝑝) = 1

(𝐸𝑞 2.5)

𝑠=1

𝑞0 𝑝−1 𝑠1−𝜏 𝑒 −(𝑞1 (𝑝−𝑝𝑐 )𝑠
𝑤𝑠 (𝑝) =
′
∑∞
𝑠=1 𝑤𝑠 (𝑝)

𝜎 )𝛽(𝑇)

(𝐸𝑞 2.6)

With 𝑤𝑠 (𝑝) determined, Figure 35 shows that Eq 2.6 matches individual systems across a range of
concentrations and temperatures below the percolation threshold closely. We hypothesized that this
approach could be refined to give a more accurate description of ion clustering if box size effects and
statistics could be addressed through further scaling arguments or larger simulations.

Figure 35. . Plots of aggregate size probability vs aggregate size. Points are simulated data, lines are the
models from percolation theory. Blue is 373K, Black is 398K, and Red is 423K. a) PEO600-50%Na, b)
PEO600-75%Na, c) PEO600-100%Na, d) PEO500-100%Na, e) PEO -100%Na, and f) PEO300-100%Na.
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Closer examination of the functional form of 𝑤𝑠 (𝑝) warrants further discussion of two important
components. The first is that the downturn, going from high to low s was mentioned in Lu et. al [37]. as a
deviation from worm-like micelle behavior. From 𝑤𝑠 (𝑝) we see that percolation theory states that this
behavior is a direct result of how objects pack in 3D and is described by the 𝑠1−𝜏 term. To elaborate further,
𝜏 is called the Fisher exponent and describes cluster size distributions. It depends solely on the
dimensionality of the system, and therefore all 3D continuum systems have a Fisher exponent of ~2.2. The
second component worth analysis is the extent of compression, 𝛽, which describes the rate of the
distribution’s decay past some critical cluster size 𝑠𝜉 . For systems of randomly distributed non-interacting
spheres, it is expected that a simple exponential will reproduce the scaling function f implying a unity value
for 𝛽. The complex interactions in our system therefore deviate from this behavior resulting in a non-unity
𝛽 term. The exact value of 𝛽 is affected by the box size, but the qualitative declining trend of 𝛽 shown in
Table 3 with increased temperature makes sense. As the temperature increases, entropy reduces the
electrostatic screening of the host matrix and therefore ion aggregation is increased. Therefore, it is expected
that the term describing the presence of large aggregates to shift in order to reflect this behavior.
Table 3. List of parameters for the percolation model.

Dynamics Near and Above the Percolation Threshold

Conduction and Diffusion
The conductivity for all simulations at 423K is displayed in Figure 36, with corresponding ion
diffusion coefficients in Figure 37. Increasing ion content past the semi-dilute region results in a slight drop
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in conductivity, but less than would be expected based on the magnitude of the decrease in segmental
dynamics of the polymer. We also see that ion diffusion of the cation and anion fall by approximately an
order of magnitude.

Figure 36. Self-conductivity vs ion content at 423K for PEOn-y%Na.

Figure 37. Ion diffusion coefficients vs ion content at 423K for PEOn-y%Na.

Polymer Relaxation
The polymer relaxation time is calculated from the poly(ethylene-oxide) hydrogen selfintermediate scattering function. [30] By fitting a composite Kohlrausch-Williams-Watts function, the
segmental relaxation time is extracted. The relaxation rate, τ-1, is plotted in Figure 38. The significant
decrease in polymer relaxation is surprising. While ion diffusion only lowers by an order of magnitude,
polymer relaxation falls by five orders of magnitude. This shows a clear decoupling of the ion conduction
mechanism from the polymer relaxation.
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Figure 38. Polymer relaxation vs ion content for PEOn-y%Na at 423K.

The extent of to which conductivity is decoupled from polymer relaxation is best realized in a plot
of molar conductivity multiplied by polymer relaxation time (Figure 39). For electrolytes with a molar
conductivity proportional to the relaxation time, the resultant data would be a flat line. The ionomers studied
in this work somewhat obey the expected trend at low ion content but deviate considerably with increased
salt content.

Figure 39. Molar conductivity multiplied by polymer relaxation time vs ion content, for PEOn-y%Na at
423K.

Ion Transport Mechanism
Previous conductivity results for the simulations which varied ion content through sulfonation
fraction indicate this system is in the semi-dilute region. A shift in the dominant conduction mechanism,
transitioning from ‘free’ ion transport to aggregate hopping-based transport is observed. Three modes of
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transport contribute to the conduction mechanism: ‘free’ ion motion, aggregate hopping, and a transition
between the two states. Figure 40 shows that the fraction of transport involving aggregate hopping continues
to increase at even higher ion content. At 423K, ion transport involving aggregates accounts for 78% at the
highest ion content studied.

Figure 40. Fraction of ion transport from the three mechanisms vs ion content for PEOn-y%Na at 423K.

Past the percolation threshold, marked by a vertical dotted line, ‘free’ ion transport accounts for
5%, while transport between states accounts for 17%. It is understandable that the ‘free’ ion contribution
continues to decline as a result of the diminishing volume fraction of poly(ethylene-oxide), what hasn’t
been discussed in more detail is the transport between states.

Figure 41. Ion transport fraction of the intermediary 3rd mechanism vs ion content for PEOn-y%Na at 423K.
The dotted line is to guide the eye.

Ion content of 0.8 Na:EO and below presented in Figure 41, show transitions between ‘free’ and
coordinated ion states accounts for 23-27% of ion motion and is relatively constant. The relatively constant
fraction may be explained by considering the exposed surface area of the aggregate to the surrounding
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poly(ethylene oxide). At low ion content, the smaller aggregate would have a high exposed surface to
volume ratio, favoring ion motion which separates the coordinated state. This is balanced by the lower
aggregate density at lower ion content and therefore limits the transition from free to aggregate conduction.
An increase in ion content increases the density and size of ion aggregates. As the length of these chainlike aggregates increase, the exposed surface to volume ratio is constant and results in a larger percentage
of ions which can undergo this mechanism. The larger fraction of ions which can leave or join an aggregate
is countered by the reduction in segmental dynamics at higher concentrations. These two competing factors
cancel each other out until percolation causes the exposed surface to volume ratio to fall and upsets the
balance. It is expected that if ion content were to increase further, the drop in the percolating aggregate’s
exposed surface to volume ratio would result in a further reduction.

Figure 42. Conductivity vs ion content for PEOn-y%Na at 423K, with the breakdown from contributions of
each mechanism.

Combining the conductivity data with the mechanism data, plotted in Figure 42, reveals the
decrease in the conductivity at high ion content is due to a transition from a ‘free’ ion conduction mechanism
to an aggregate based conduction mechanism.

Concluding Remarks
In this study, we show that the formation of ion aggregates at high ion content provides a decoupled
mechanism for ion conduction using molecular dynamics. Additionally, ion aggregates form percolated ion
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aggregate structures that are fractal in nature. Near the percolation threshold, the overall probability of
aggregate branching was found to be 80%. Individual aggregates smaller than the characteristic size exhibit
a reduced branching probability, most likely due to electrostatic interactions at small sizes.
A description of aggregate size distributions based on percolation theory, even with the statistical
limits of molecular dynamics, provided an accurate description of ionic clustering. The model uses only
two independent variables, pc and 𝛽. The percolation threshold was determined independently from the
model fit, leaving only 𝛽 to vary with temperature. At 423 K the percolation threshold was determined to
occur at an Na:EO ratio of 0.24.
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Chapter 3
Sulfonation Impact of Ion Content on Mechanical Behavior
David W. Caldwell II, Janna K. Maranas, Zachary Zydonik

Abstract
Solid polymer electrolytes (SPEs) based on poly(ethylene oxide) (PEO) with differing Na
to ether oxygen ratios are investigated. The mechanical behavior of the PEO-based ionomer is
developed using molecular dynamics. A series of uniaxial elongation simulations measure the
Young’s Modulus. Strain rates spanning 105 to 1010 sec-1 are investigated using a TimeTemperature superposition. A master curve is presented, relating the modulus to ion content. This
master curve suggests an ion content of 0.52. corresponding to a poly(ethylene-oxide) spacer of 2
repeat units or 88 g/mol is required to achieve a modulus of 6GPa. Maintaining the high modulus
in SPEs is crucial to suppress dendrite formation.

Introduction
Lithium ion battery technology has an essential role in the development of the portable
electronics industry. [49, 8, 1, 2, 4, 5] With new technologies extensively relying on battery
applications, the availability and cost of lithium are of concern [50, 51]. Sodium based batteries
are promising replacements and research into their feasibility has been increasing due to this
demand. [42] Solid polymer electrolytes (SPEs) employ solid state structures incorporating
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charged polymers that facilitate conduction while eliminating the use of volatile organic liquids.
[6]
SPEs have attractive mechanical properties which are of interest. With characteristically
high modulus, there is potential to reduce total weight while increasing energy density. [7, 8] A
modulus of 6GPa or more has been proposed to suppress the formation of metal dendrites that
have previously been detrimental to battery operation. [8]
SPEs consist of a mobile ion dissolved in a polymer matrix. The polymer typically
employed is poly-(ethylene oxide) (PEO) due to its ability to dissolve alkali metal salts, including
sodium. [9] Additionally, employing PEO as part of the polymer backbone immobilizes the anionic
ether oxygen atoms, leaving the cation as the only mobile species.
To understand the mechanical effects of varying the sodium to ether oxygen ratio, the
polymer dynamics affected by cation diffusion are of importance. The segmental dynamics vary
depending on whether the SPE is in the amorphous or crystalline phase. Diffusion of the cation to
new coordination in the amorphous phase results in a Vogel-Tammann-Fulcher temperature
dependence so that as the temperature approaches the glass transition temperature, the conductivity
is reduced due to a drop in the segmental dynamics. [10, 11] The crystalline phase observes
conduction behaviors similar to ceramic materials, providing pathways that represent an order of
magnitude increase in conductivity. [12, 13, 14, 15] However, the crystalline structure has a high
probability for melting and its immobile structure makes it impractical for studying the effect of
polymer dynamics on mechanical properties.
Previous studies have shown an optimum ion concentration at lower ion content,
due to higher polymer relaxation times, polymer ionic cross-linking and high glass transition
temperatures with increasing conductivity. [16, 17] However, higher ion content systems have
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been shown to reduce the number of free ions available to contribute to the long conduction
pathways [18] resulting in an alternative aggregate-hopping conduction mechanism. The role of
ion aggregation on conduction has been recently explored [20] and the mechanical properties of
these highly concentrated systems is of interest to contribute to future SPE design.

Simulation Details
We use molecular dynamics (MD) simulation to investigate the mechanical behavior of a
PEO-based ionomer at various ion content. We initially develop the United Atom force field for
the fully sulfonated PEO-based ionomer. [22] The B3LYP density functional method at the 631+G* level is used to calculate the partial charge distribution of the non-sulfonated isophthalate
groups. Charges from electrostatic potentials using a grid-based method are used to reproduce the
charges in the form of electrostatic potentials. [23, 24] Scaled partial charges are used to match
experimental observables where available. [22, 25, 26, 27]
To better control aggregate size, it is proposed that both ion content and temperature should
be varied. It has already been discussed that as ion content increases so does ion aggregation.
Modifying the temperature also allows for the additional control of ion aggregation. Wang et al
[28] uses X-ray scattering to show a positive correlation between ion aggregation and temperature,
indicated by an increased ionomer peak at a Q of 3 nm-1. Though these results give a qualitative
discussion on ion aggregation as a function of temperature, additional experiments are needs to
quantify the temperature effect on ion aggregation.
Ion content is controlled by varying both sulfonation fraction and poly(ethylene-oxide)
backbone length. Each polymer chain contains four repeat units of alternating isophthalate and
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poly(ethylene-oxide) spacers. Restart files from previously equilibrated systems are used as a
starting point. The previous 50Å box size simulations are replicated to produce 100Å box size
configurations. These larger systems undergo a 120ps run using the NPT ensemble in order to
relax any internal stresses formed during the replication process. A uniaxial deformation in the xaxis at a constant engineering strain rate is used. The deformation is done under NPT conditions,
setting the off axis, y and z, pressure to 1atm while allowing the x-axis to freely fluctuate. The 101
instantaneous pressures are calculated every timestep and the average pressure in each axis are
stored every 4ps for strain rates of 108 and 109 sec-1, while the strain rate of 1010 sec-1 is stored
every 0.4 seconds. The difference in data output retains resolution of the measured pressure while
smoothing the data to perform analysis. Each ionomer is elongated at strain rates of 108, 109, and
1010 sec-1 at temperatures of 343K, 373K, 398K, and 423K. These strain rates are selected for
computational considerations, as the data set explored is composed of nine separate ion contents,
four temperatures, and three strain rates, resulting in a set of 108 individual simulations. The
simulations are carried out using LAMMPS. [29]

Results and Discussion

The Impact of Ion Content on the Stress-Strain Profile
The change in the stress-strain profiles, shown in Figure 43, demonstrates the effect of ion
content on the mechanical properties. At 423K and a strain rate of 109 sec-1, the base line sample
with an ion content of 0 behaves like an elastomer. At such high temperature, it is unsurprising
that the non-ionic polymer exhibits a viscous flow profile. What is interesting is the onset of an
elastic response as ion content is increased. The elastic behavior, indicated by the initial linear
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increase in stress starting at a zero-strain rate, indicates a transition in the mechanical behavior at
high ion content. Most notably, the peak develops right below the percolation. The peak, and
subsequent drop, in the stress-strain profile is called the yield strength and describes the point of
non-reversible deformation. After the peak, the stress is constant or slightly upturned. At this stage,
the polymer undergoes either strain hardening or wicking as is typical for flexible plastic
deformation seen in poly(carbonate) and poly(methyl methacrylate) [31].

Figure 43. Stress-engineering strain of PEOn-y%Na at 423K and a strain rate of 10 9 sec-1

Figure 44 shows the thermodynamic results for PEO200-100%Na, at a strain rate of 1010.
The data demonstrates that most of the energy change is a result of non-bonded interactions. More
specifically, the van Der Waals and coulombic interactions show a change in their slope which
correlates to before and after the yield stress. While van Der Waals dominates before the yield
stress, it levels off past it. On the other hand, the electrostatic interactions continue to rise after the
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yield stress, though at a reduced rate. A visual analysis of the simulation reveals that the polymer
undergoes alignment at engineering strains past the yield stress.

Figure 44. Stress-strain curve of PEO200-100%Na at 423K and a strain rate of 10 10

Figure 45. Energy change vs time of each potential interaction of PEO200-100%Na undergoing strain at a
rate of 1010 sec-1 at 423K.
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The slope of the initial elastic regime gives the Young’s Modulus of the polymer for a
given temperature and strain rate. Figure 46 presents a complete temperature and strain rate data
set for PEO200-100%Na. The moduli from this sample are used to investigate the time temperature
superposition.
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Figure 46. Stress vs strain curves of PEO200-100%Na at various temperatures. a) 108 sec-1, b) 109 sec-1, c) 1010
sec-1
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Time-Temperature Superposition
Time temperature superposition relates the rate of mechanical deformation to a temperature
difference. This is done by multiplying the timescale by some constant relative to a reference
temperature. The modulus from PEO200-100%Na is used as a proof of concept. Figure 47 shows
the raw data before time temperature superposition and Figure 48 shows the final shifted moduli
and corresponding shift factors. The lowest temperature simulated is chosen as the reference
temperature.

Figure 47. Measured Modulus vs Strain rate for PEO200-100%Na.
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Figure 48. Resulting Modulus vs strain rate after time-temperature superposition for PEO200-100%Na. Inset
is the log of the shift factor vs temperature.

The trend of the shift values presented in the inset of Figure 6 look reasonable based on
what would be expected from a Williams-Landel-Ferry model. [32] There is limited resolution in
the data, however, since each temperature is only simulated at three different rates. Additional
simulations may fill in the gap, especially at medium to high strain rates.
Time temperature superposition was performed on the remaining samples and their final
master curves are presented semi-log in Figure 49 and log-log in Figure 50.
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Figure 49. Modulus vs. Strain rate of PEOn-y%Na after time temperature superposition.

Figure 50. Log-Log plot of modulus vs. strain rate of PEOn-y%Na after time temperature
superposition.

Ion Content Master Curve
The overlapping trends in the modulus suggest ion content is related to polymer relaxation
and thus a pseudo time-ion superposition must be implemented. A strong relation between ion
content and polymer relaxation has been previously demonstrated, and the self-similar fractal
nature of ion aggregation may be thought of as a steadily increasing density of crosslinks. These
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results are presented in Figure 51, Figure 52, and Figure 53, using PEO100-100%Na as the
reference ion content.

Figure 51. Linear-Log plot of the ion master curve from time-ion content superposition for PEOn-y%Na.

Figure 52. Log-Log plot of the ion master curve from time-ion content superposition for PEOn-y%Na.
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Figure 53. This ion shift factors from time-ion content superposition of PEOn-y%Na.

In a somewhat surprising result, time-ion superposition results in a master curve which
spans 10 orders of magnitude and results in what is described as time-temperature-ion
superposition. Before proceeding, it is worth considering a few points. The first factor that explains
this trend are the very high strain rates applied. At such high strain rates, we are effectively probing
elastic behavior in an extreme environment. Additionally, changes in ion aggregation may be
responsible for the overlap ability of the data. Evidence that suggests this is shown in the
thermodynamic data presented in Figure 3. It is also unclear if this is solely a property of ionomers
or if polymer/salt electrolytes also exhibit this behavior.
The new master curve is used to provide a rough estimate for the ion content required to
result in a 6GPa modulus. The approach is as follows: fit a line to the high strain rate trend and
extrapolate out to 6GPa (Figure 54). By relating the strain rate required for 6GPa, to the trend in
the ion content shift factor in Figure 53, we arrive at an ion content of 0.52. This ion content is
close to a poly(ethylene-oxide) spacer of 2 repeat units or 88 g/mol.
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Figure 54. A fit to the high rate modulus behavior of the ion master curve of PEOn-y%Na.

Concluding Remarks
A series of stress-strain simulations on the ionomer electrolytes reveals a range of
mechanical behaviors, from viscous flow at high temperature and low ion content, to flexible
plastic at ion content near and above the percolation threshold. Time-Temperature super position
applied to systems of equal ion content retained Williams-Landell-Ferry behavior. The
applicability of this technique may prove beneficial to similar investigations. The resulting shapes
of the modulus vs strain rate curves lead to an attempt at time-ion content superposition. The
applicability of such a technique may be limited to high strain rates or ionomers. Regardless, the
master curve allows for an estimate of the ion content necessary to increase the modulus to 6GPa.
This technique suggests that an ionomer containing just two poly(ethylene-oxide) monomers
between isophthalate groups is sufficient to suppress dendrite growth.

Appendix A
Additional Tables
Table 4. Jump diffusion parameters from PEOX-y%Na
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