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ABSTRACT: Single-ion conducting polymer electrolytes (SICPEs)
offer high lithium transference numbers and desirable physical
properties while maintaining moderate conductivities. Bottlebrush and
comb-branched copolymer electrolytes are a particular architecture that
offer modularity and increased ion solvation. Despite this promise, the
ion transport in these systems is poorly understood. In this report, we
investigated lithium-ion transport in comb-branched SICPEs using a
combination of experiments and atomistic simulations. A series of
solvent-free SICPEs were synthesized by copolymerization of poly-
(ethylene glycol) methyl ether acrylate (PEGMEA) with varying
lithiated anionic groups in different ratios of the ionic species to the
PEG s ide cha in . Po l y(L i th ium 3-[( t r i fluo romethane)
sulfonamidosulfonyl]propyl methacrylate-co-poly(ethylene glycol meth-
yl ether acrylate)) (p(MPTFSI-co-PEGMEA) exhibited both highest ionic conductivity (on the order of 10−5 S/cm at room
temperature) and degree of decoupling of ionic conductivity from polymer segmental dynamics. Simulations revealed that in
electrolytes with low ion concentrations, Li+ transport occurs through the vehicular codiffusion of lithium ions and the polyanions. In
contrast, for higher anion compositions, the primary mechanism of Li+ transport is through Li+ ion hopping among the percolated
ionic aggregates. Finally, we demonstrate that the behavior of ion hopping is influenced in a nonintuitive manner by the ion cluster
morphology based on SICPE anion identity.

■ INTRODUCTION
Conventional organic liquid electrolytes offer high ionic
conductivity which makes them suitable for lithium-ion
batteries. Electrolytes with faster anion mobilities compared to
those of the cations tend to form anion concentration gradients
under discharge.1 Such buildup of anion concentration gradients
limits the energy density, charging and discharge rates of the
battery, and can facilitate dendrite formation when employed
with high-capacity Li metal anodes.2−4 To overcome such
challenges, single-ion conducting polymer electrolytes
(SICPEs) have emerged as a potential solution.5−7 In such
electrolytes, immobilization of anions is achieved by covalently
attaching the anion to the polymer backbone. However, the
ionic conductivities of SICPEs are typically lower than those of
conventional liquid electrolytes. Hence, there is a significant
interest in strategies that can improve ionic conductivity in such
electrolytes without negatively impacting their mechanical
strength.8−10

In the above context, efforts have focused on weakening the
interactions between the lithium ions and the immobile anionic
groups to promote dissociation of lithium ions and thereby
improve the ionic conductivity of SICPEs. To this end, the

selection of anionic groups in SICPEs has been demonstrated to
significantly affect ionic conductivity.5−7 Specifically, SICPEs
with sulfonylimide or borate anionic groups have been reported
to exhibit superior ionic conductivities compared to those with
sulfonate or carboxylate anionic groups due to the relatively
higher delocalization of charge within the anionic groups.11,12

Another strategy involves blending of SICPEs with polar,
organic solvents (for example, ethylene carbonate, dimethyl
carbonate, propylene carbonate, diethyl carbonate, and γ-
butyrolactone) as plasticizers and also to enhance ion
dissociation to improve the room temperature ionic con-
ductivity.13,14

Recent studies have also focused on improving the ionic
conductivity of SICPEs by lowering the glass transition
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temperature (Tg) of the polymer to enhance ion transport driven
by polymer segmental motion. Homopolymer SICPEs, in which
every repeat unit in the polymer backbone harbors an anion,
generally exhibit low ionic conductivity due to their high Tg
values (>150 °C for lithium poly[(4-styrenesulfonyl)
(trifluoromethanesulfonyl)imide]).5−7 To this end, blending
with poly(ethylene oxide) (PEO)15,16 has been pursued as a
straightforward solution to enhance the segmental motion of the
SICPEs. However, despite the low glass transition temperatures,
the high crystalinity of the PEO counteracts any gains in ionic
conductivity at temperatures below the melting point of PEO
(around 60 °C).15,16
In contrast to the above blending strategies, copolymerizing

the backbones of the homopolymeric ionomers with short
poly(ethylene glycol) (PEG) side chains has been demonstrated
as an effective strategy to introduce flexible, low Tg PEO while
suppressing the crystallinity of the polymer matrix to achieve
ionic conductivities at room temperature of ca. 10−6 S/
cm.15,17−21 By controlling the composition of the copolymer,
that is, the ratio of the number of PEO side chains to the number
of anionic groups in the copolymer, the ion content of the
electrolyte can be optimized. Previous experimental stud-
ies17,20−22 have reported a decrease in the activation energy
for ion transport with increasing fraction of PEO side chains in
the copolymer (at relatively low ion content in the electrolyte),
hinting at distinct mechanisms for ion transport at different ion
compositions. Similarly, computational studies focused on
copolymeric ionomers with varying length of PEO spacers in
the backbone have also demonstrated the ion content to be a key
design parameter influencing ionic conductivity.23−30

In this work, motivated by the above studies, we use a
combination of experiments and simulations to investigate ion
transport in single-ion conducting electrolytes based on comb-
branched copolymers composed of poly(ethylene glycol)
methyl ether acrylate (PEGMEA) and lithiated anionic groups.
Specifically, we wish to determine whether the degree of
decoupling of ionic conductivity from the polymer dynamics can
be influenced by using SICPEs based on copolymers with low
Tg, neutral side chains. To characterize the influence of the
cation−anion interactions, electrolytes were prepared with three
different anionic monomers: acrylic acetate (AA), 2-acrylamido-
2-methylpropanesulfonate (AMPS), and methacrylate-propyl
(trifluoromethanesulfonyl) imide (MPTFSI). The ion content
was varied by changing the ratio of PEGMEA to lithiated anionic
groups in the copolymer. Our results demonstrate that both ion
content and anion identity significantly influence ionic
conductivity. Complementary atomistic molecular dynamics
(MD) simulations identify the transport mechanisms underlying
the experimentally observed conductivity trends.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Materials. Acrylic acid (Alfa Aesar, 99.5%, stabilizers added),
acrylamidopropanesulfonic acid (Sigma-Aldrich, 99%), lithium
methacryl(trifluoromethane sulfonyl imide) (Specific Polymers),
poly(ethylene glycol)methyl ether acrylate Mn 480 (Sigma-Aldrich,
stabilizers added), 2,2′-azobis(2-methylpropionitrile) (Sigma-Aldrich,
98%), 2-cyano-2-propyl dodecyl trithiocarbonate (Sigma-Aldrich,
97%), ethanol (Decon Laboratories, Inc.), dichloromethane (Fisher,
stabilized), hexanes (Fisher), lithium hydroxide monohydrate (Acros
Organics, 98%), deuterated dimethyl sulfoxide (Cambridge Isotope
Laboratories, 99.9%), deuterated water (Cambridge Isotope Labo-
ratories, 99.9%), and methyl acrylate (Acros Organics, 99%, stabilized)

General Synthesis of Polymer Materials. A generalized scheme
for the synthesis of the polyelectrolytes is shown in Figure 1. The

synthesis method was modified from existing procedures in
literature.17,31 Monomers, solvents, initiator, and the chain transfer
agent were added in the desired quantity to a round-bottom flask
charged with a stir bar and septa. The reaction vessel was sealed and
degassed by bubbling nitrogen gas through the reaction solution for at
least 20 min at room temperature. The reaction vessel was then
submerged in a silicone oil bath preheated to 80 °C and maintained at
this temperature for 48 h. Afterward, the reaction vessel was removed
from the oil bath and rapidly cooled in liquid nitrogen for 10 min to
quench remaining radicals. The solvent was removed via rotary
evaporator, and the polymer was redissolved in dichloromethane. The
polymer solution was precipitated in cold hexanes and redissolved in
dichloromethane. This process was repeated twice more before the
remaining solvent was removed via rotary evaporator and the polymer
was dried in vacuo. The polymer was analyzed by NMR spectroscopy
and differential scanning calorimetry.

To protonate the acidic polymers (those synthesized from conjugate
acids of AA and AMPS), 2 g of the polymer was massed into an
Erlenmeyer flask and dissolved in a small amount of deionized water.
The anion contents of these polymers were calculated from their NMR
spectra (Figures S18−S20 of the Supporting Information, SI). The
polymers were treated with 4 equiv (relative to anion content) of 0.1 M
lithium hydroxide solution in water and stirred at room temperature
overnight. Excess LiOH was removed via dialysis against DI water
(MWCO 3.5 kDa) for 3 days, with fresh water being replaced once
daily. The water was removed via rotary evaporation and drying in
vacuo at 90 °C overnight. Lithium-ion incorporation was confirmed by

Figure 1. General synthesis scheme for PEG-oligomer graft copolymer
electrolytes. Samples are denoted as PEGMEAy/[anion]x.
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flame test of the polymers, looking for a bright red flame characteristic
of Li-ion containing compounds. LiOH removal was confirmed by
redissolution of a small amount of lithiated polymer in water and pH
analysis, in which polymers were very slightly basic due to the conjugate
basicity of the polymer functional groups. The lithiated polymer salts
were analyzed by NMR spectroscopy, electrochemical impedance
spectroscopy, chronoamperometry, differential scanning calorimetry,
and wide-angle X-ray scattering.
Characterization. Samples were prepared for NMR spectroscopy

by dissolving 25 mg of polymer into 0.7 mL of deuterated solvent.
Deuterated dimethyl sulfoxide was used when materials were soluble,
and deuterated water was used otherwise. The samples were allowed to
dissolve on a stir plate at room temperature for 1 h, then added to a
sample tube. NMR spectra were collected from −2 to 14 ppm, with a
pulse angle of 90° and a relaxation delay of 2 s. Sixteen individual
spectra were collected for each sample and were averaged together to
create each final spectrum. Peak integrals were compared between
peaks related to the ionic repeat unit and that of the terminal methyl
group of the polyethylene-glycol methyl ether macromonomer to
measure anion-content. These peak integrals were also compared
against the aliphatic hydrocarbon peak of the RAFT agent dodecyl
group to determine the number-average molecular weight of the
sample. The NMR spectra of the polymer electrolytes are shown in
Figures S18−S20.

Samples were prepared for electrochemical impedance spectroscopy
by heating to 90 °C and drying in vacuo for 12 h prior to sample cell
assembly. Polymers were loaded into a small plastic washer 4.76 mm in
diameter and 0.78 mm thick as a spacer. The polymer and spacer were
loaded onto one gold electrode of a BioLogic CESH cell on a hot plate
at 90 °C to decrease viscosity and ensure the spacer fills completely. A
slight excess of polymer was added to also fill the washer fully. The other
gold electrode plate was attached, and the cell was allowed to anneal on
a hot plate at 90 °C for 1 h. The real and imaginary components of the
impedance of the assembled cell were measured as a function of
frequency of alternating current from 1 MHz to 100 mHz at 10 points
per decade using a BioLogic MTZ-35 and ITS-e. At each frequency, 10
data points were collected and averaged. The frequencies were swept
across a temperature range of either 30−90 °C or 30−150 °C in both
the heating and cooling thermal directions. The raw electrochemical
impedance spectra are shown for each polymer electrolyte in Figures
S24−S26. Conductivities were calculated at each temperature for each
polyelectrolyte from the frequency trace by extrapolating the
characteristic semicircle to the real resistance axis and equating the
intercept value as the characteristic resistance of the sample cell. The
conductivity was then calculated using this characteristic resistance and
the geometry of the sample cell. Samples were prepared for
chronoamperometry under Argon by sealing roughly 30 mg of the
polymer electrolyte between two clean lithium chip electrodes in a
swagelok-type stainless steel cell. The electrodes were separated by a
7.11 mm inner diameter × 0.762 mm thick PTFE washer. The cell was
allowed to anneal at room temperature for 1 h before chronoamper-
ometry. Using a BioLogic VMP-3e, a potential of either 10 mV or 50
mV was applied across the cell. The current through the cell was
measured as a function of time. Data were collected for 12 h while the
voltage was applied. The average current between 9 and 12 h was used
as the steady state current. Impedance spectra of the cell were collected
before and after the polarization to measure the initial and final
resistance. The extracted parameters were used in the Bruce and
Vincent method32 using eq 1 to determine tLi+. All chronoamperometry
trials were conducted in triplicate. Due to low conductivities of these
polymer electrolyte samples, the current measured during polarization
was not significantly greater than the detection limit of the instrument.
Thus, all chronoamperometry data and lithium transference number
results were unreliable and omitted from this report.

(1)

Samples were prepared for differential scanning calorimetry by
drying overnight at 90 °C in vacuo. 2−8 mg of polymer electrolyte was

massed out into a DSC pan which was hermetically sealed. Differential
scanning calorimetry traces were collected from −40 °C to 150 °C and
cycled 3 times. Glass transition temperature was calculated by TRIOS
software analysis using the average inflection point temperatures of the
heating traces as the glass transition temperature. Raw DSC data are
shown for each polymer electrolyte in Figures S21−S23.

Samples were prepared for X-ray scattering tests by drying overnight
in vacuo heated at 90 °C. Samples were placed into a small metal washer
and sealed on both sides with low-scatter Kapton tape. Samples were
aligned to a 45 W dual aperture X-ray beam and the scattering profile
I(q) was collected from q = 0.01/Å to 0.2/Å.

SimulationDetails.Weused all-atomMD simulations to probe the
mechanisms underlying the experimental observations. Explicitly, we
used the following interaction potential between atoms:

(2)

where the bonds and angles were modeled using harmonic potentials of
the form and . Proper
dihedrals were modeled using the Optimized Potentials for Liquid
Simulations (OPLS)-style potential:

(3)

The energy contributions from the improper dihedrals are represented
by the Consistent Valence Force Field (CVFF) form, given by Uimp =
K[1 − cos(2ϕ)]. The nonbonded interactions (Unb) consist of the
following Lennard−Jones (LJ) pair potentials and Coulombic pair
interactions:

(4)

where and . The parameter f ij was set to zero if
atoms i and j are connected via a bond or angle, 0.5 for atoms that are in
the 1−4 positions of the same proper dihedral, or unity for all other
cases. The force fields for the atomistic MD simulations were adapted
from the OPLS-all atom (OPLS-AA) optimized potential for liquid
simulations.33−35 Additionally, the partial charges for the MPTFSI
anion and the PEGMEA side chains were extracted using density
functional theory (DFT) calculations at B3LYP/6-311g** level of
theory36−38 using the Gaussian16 package.39

We performed the atomistic MD simulations using the LAMMPS

(Large-scale Atomic/Molecular Massively Parallel Simulator) MD
package.40 The simulation box consisted of 40 random copolymers,
each with a degree of polymerization of 40. To maintain charge
neutrality, the concentration of Li+ ions in the simulation box was
maintained proportional to the mole fraction of anion in the copolymer
(xanion). TheMD trajectories were generated at 600 K to facilitate faster
ion mobilities and obtain better statistics in reasonable simulation time
scales. Additional simulation details pertaining to the force fields,
methodology, and subsequent analyses are presented in SI Section
S1.1,S1.2.

■ RESULTS AND DISCUSSION
Ionic Conductivities. Figure 2a presents the experimental

results for ionic conductivities measured as a function of
temperature (30−90 °C) for copolymer electrolytes with
different anionic repeat units and ion compositions. The
experimental ionic conductivity measurements for electrolytes
containing AA and AMPS were limited only to low ion contents
(xanion < 0.22) as these electrolytes with high ion contents
formed brittle, ionic-crystalline solids which did not allow for
sufficient contact with the sample cell electrodes. The
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temperature-dependent conductivity data was observed to be
well fit by the Vogel−Tammann−Fulcher (VTF) equation:

(5)

with A, Ea, and T0 being the fitting parameters.41 The ionic
conductivities for different electrolyte samples at room temper-
ature (30 °C) along with their activation energies for ion
transport (Ea), Tg values and NMR determined molecular
weight are listed in Table 1.

For a specified anion chemistry, the measured ionic
conductivities were observed to decrease with increasing ion
content. Such trends were in agreement with those reported in
previous experimental studies on single-ion conducting
copolymers.17−21 Interestingly, the activation energies for ion
transport, quantified by the slope of the VTF fit curves, were
observed to increase monotonically with increasing ion content.
As a result, the f it values for ionic conductivity at higher
temperatures (600 K) were seen to increase with increasing Li+
ion concentration. Furthermore, the different Ea values for
electrolytes with different ion contents hint at potentially
distinct mechanisms for ion transport at varying ion contents.
To render explicit the influence of ion content on the extent of
decoupling between ionic conductivity and polymer segmental
dynamics, we present results for ionic conductivity displayed as a
function of the inverse glass-transition-normalized temperature
Tg/T (Figure 2b). Since we probed the same range of
temperatures for the different systems, the set of normalized
temperatures for the different materials do not wholly overlap in
the domain investigated. However, at a specified Tg/T and
similar ion contents, the conductivity values are seen to be larger
for electrolytes with the MPTFSI anion, indicating a greater
degree of decoupling of ion transport from polymer dynamics.
In the following section, we discuss the results of atomistic

MD simulations carried out to understand the mechanisms
underlying the above experimental observations. Since the
simulations model the system at 600 K (to alleviate the slow
dynamics accompanying lower temperatures), we focus on the
following questions arising from the extrapolation of the
experimental results to the higher temperatures explored in
the simulations:

1. Are there distinct mechanisms underlying ion transport as
a function of ion content?

2. What are the origins of the influence of the anion
chemistry?

Mechanisms of Ion Transport. To understand the
mechanisms of ion transport leading to the above experimentally
observed trends, atomistic MD simulations were performed to
characterize the dynamics of ions. We sought to quantify the
mobility of ions using their self-diffusivity via the Einstein
relation,

(6)

where is the mean squared displacement
(MSD) of ion type i at time t. The raw MSDs for both Li+ and

Figure 2. Experimental ionic conductivity of electrolytes on varying
anion chemistry and copolymer composition (a) Conductivity data
(solid symbols) collected from 30 to 150 °C. Lines are fit of eq 5. The
open symbols represent the extrapolated conductivity at 600, 700, and
800 K predicted by the fit curves. (b) Conductivity as a function of Tg/
T.

Table 1. Ratio of Ethylene Oxide Units to Li+ Ions, Ambient Temperature Ionic Conductivities, Activation Energy for Ion
Transport, and Glass Transition Temperature Tg for Different Electrolyte Samples

sample Li+/EO Mn
NMR (kg/mol) log σ25 Ea (kJ/mol) Tg (K)

PEGMEA8/MPTFSI1 0.0139 25.7 −5.15 3.26 212
PEGMEA4/MPTFSI1 0.0278 27.1 −5.19 4.36 217
PEGMEA2/MPTFSI1 0.0556 18.2 −5.62 6.34 236
PEGMEA1/MPTFSI1 0.111 16.2 −6.44 8.86 251
PEGMEA1/MPTFSI2 0.222 25.4 −7.83 11.63 266
PEGMEA11/AA1 0.0101 31.9 −6.94 1.74 209
PEGMEA5/AA1 0.0222 43.5 −6.92 9.83 211
PEGMEA6/AMPS1 0.0185 19.7 −6.89 5.19 219
PEGMEA4/AMPS1 0.0278 19.7 −7.08 14.29 219
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the anions can be found in Figure S4. The simulated ionic
conductivity σNE was then computed using the equation

(7)

where kB, Ni, and V are the Boltzmann constant, the number of
ion type i, and the system volume, respectively. We note that the
Nernst−Einstein conductivity neglects the contribution of the
correlated motion of ions to the ionic conductivity.
We display the simulation results for ionic conductivity in

Figure 3a. We observed that the trends for the simulated

Nernst−Einstein ionic conductivities were qualitatively con-
sistent with those extrapolated from experiments using the VTF
fit curves. Explicitly, at low ion contents, the electrolytes
containing MPTFSI exhibited higher ionic conductivities than
those with other anion chemistries considered in this study.
Further, with increasing ion content, the simulated ionic
conductivities, except for a slight initial decrease, exhibited a
monotonic increase as seen from the experimental conductiv-
ities (extrapolated to higher temperatures) (Figure 2a).
Significantly, the increase in simulated ionic conductivities at
higher ion contents (although not accessible experimentally)
was found to be more prominent for the electrolytes containing
AA compared to those with MPTFSI or AMPS.
To understand the origins of the above conductivity trends,

we compare the results for the diffusivities of the polyanions and
the Li+ ions as a function of ion concentration in the electrolyte.
From the results presented in Figure 3b, we observed that the
polymer dynamics monotonically slowed with increasing ion

content. Such trends for polymer dynamics are consistent with
the experimental observations of monotonically increasing Tg
values as a function of ion content (Table 1). In contrast, two
distinct trends were observed for Li+ diffusivities as a function of
ion concentration. At low ion composition, the Li+ diffusivity
decreased initially and followed the trend for polymer
diffusivities. However, beyond a critical ion composition, the
Li+ diffusivity approached a constant value for electrolytes with
AMPS and MPTFSI, and exhibited a slight increase for
electrolytes with AA, suggesting a more decoupled system at
high anion content. While these data may inspire an
investigation of lithium transference number as a function of
anion composition, we note that these are binary systems
(consisting only of cations and anions) in which the true lithium
transference number should be determined by the ratio of the
molar masses of the anionic repeat unit to that of the lithium
ion.42,43 This would hypothetically result in a lithium trans-
ference number above 0.98 in all cases. While we believe this is
likely to be the true transference number, any measurements we
performed lacked sufficient current and precision to verify this
result.
Before we discuss the origins of the Li+ diffusivity trends, we

first rationalize the observed trends for polymer mobility with
increasing ion content. In this context, we note that a number of
previous computational studies24−27,29,44 on ionomeric systems
have observed the formation of ionic clusters of the mobile and
the grafted ions, and attributed the slower polymer dynamics to
the formation of such aggregates. Within this framework, we
hypothesize that increasing ion content would lead to an
increase in ionic aggregation thereby leading to slower polymer
segmental dynamics (that is, the ionic aggregates can be
envisioned as physical cross-links).23,45

To test our above hypothesis, we first observed based on the
coordination behavior of Li+ ions (Figures S5−S8) that the Li+
ions were primarily bound to the oxyanions in the anionic
groups. On the basis of this, the ions were assumed to be
associated if their centers of mass distance was found to be
within a cutoff distance of 3.0 Å corresponding to the first
coordination shell of the Li+−O (anion) radial distribution
functions. Using such a measure, we quantified the ionic
aggregate size distribution and the average aggregate size as a
function of the ionic content n̅.46 From the results in Figure 4,
the average ionic aggregate size monotonically increased with
ion content. Together, these characteristics serve to rationalize

Figure 3. Simulated ion transport properties of electrolytes at 600 K.
(a) Nernst−Einstein conductivity versus copolymer composition. (b)
Li+ and polyanion diffusivities at different copolymer compositions.

Figure 4. Simulated average ionic aggregate size as a function of
copolymer composition. Electrolytes corresponding to different anion
chemistries are represented as AA (green ▲), AMPS (blue ●), and
MPTFSI (red ■).
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the observed decrease in polymer mobility with increasing ion
content.
Li+ Transport Mechanisms in Low Ion Concentration

Regime. At low ion contents (xanion < 0.35), the trend for Li+

diffusivity was seen to mirror that of the polymer mobility
(Figure 5a). In this regime, the visualization of the
corresponding simulation snapshots at different times (Figure
5b,c), suggested that the Li+ ions stay bound to the oxygens in
the anionic groups for a long time. To quantify the association
characteristics of Li+−O (anion) association, we computed the
ion-pair association autocorrelation function defined as

(8)

where h(t) takes a value of 1.0 if the Li+−O (anion) association
is present at time t and zero otherwise. In essence, C(t)
represents the probability of two ions being associated at time t,
given they were associated at time t = 0. The results for ion-
polymer association time scales are displayed in Figure 5d−f.
Therein, at the low ion contents (xanion < 0.35), the C(t) does

not decay to zero even after 150 ns. This persistence confirmed
the long-lived nature of Li+−O (anion) association.
The visualization of the corresponding simulation snapshots

at different times (Figure 5b,c), combined with the fact that the
Li+ ions stay bound to the oxygens in the anionic groups for a
long time, suggests that the lithium-ion movement occurs by a
combination of vehicular motion of the ion pair and rearrange-
ment of ionic aggregates occurring by the process of merging
and breaking up.23−30 Given the above observations, the initial
slight decrease in ionic conductivity with ion content (Figure
3a) can be understood as a consequence of the corresponding
decrease in the polymer mobility (Figure 3b). Within this
reasoning, the higher ionic conductivity for electrolytes
containing MPTFSI can be attributed to the faster dynamics
of the copolymer (Figure 5a). The faster rearrangement physics
are also reflected in the faster decay of the ion-pair association
autocorrelation functions for MPTFSI copolymers (Figure 5d−
f). These faster dynamics and shorter ion-pair association
lifetimes explain the order-of-magnitude increase in room
temperature conductivity of MPTFSI copolymers over AA and

Figure 5. Simulation data for the lower ion content regime. (a) Li+ (solid symbols) and polyanion (open symbols) diffusivities in lower ion content
regime. Snapshots of MD simulations for system with AMPS (xanion = 0.35) at time (b) t = 0 and (c) t = 100 ns. Different colors represent distinct
aggregates at t = 0. All ions keep the same color at the later time. Li+−O (anion) association autocorrelation functions for the electrolytes with (d) xanion
= 0.1, (e) xanion = 0.2, and (f) xanion = 0.35. Systems with different anion chemistries are represented as AA (green), AMPS (blue), and MPTFSI (red).
(g) Correlation between Li+ and polyanion diffusivities in lower ion content regime.
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AMPS copolymers in the low-ion content regime seen in Figure
2.
Next, we investigated the origins for decoupling of ion

transport from polymer dynamics as a function of anion
chemistry in the low anion content regime (Figure 2b). Since the
Li+ transport was found to be significantly coupled to the
polymer dynamics in this regime, we expected the extent of
decoupling to be related to the correlation between the
simulated cation and polymer diffusivities in the low anion
content regime. As shown in Figure 5g, we observe that the
dependence of Li+ transport on polymer mobility was much
weaker for electrolytes containing MPTFSI (Coefficient of
determination R2 = 0.85) compared to those with AMPS (R2 =
0.97) or AA (R2 = 0.99). These trends are in agreement with our
experimental findings of MPTFSI-containing electrolytes
exhibiting the highest degree of decoupling in the low anion
content regime (Figure 2b).
The above trends can be understood by noting that smaller

ion-polymer association time scales are likely to result in faster
local ion exchanges within the discrete ionic aggregates and
maximize the extent of Li+ transport occurring by structural
rearrangement of the ionic aggregates. This is expected to lead to
increased decoupling of Li+ transport from polymer dynamics.
The results presented in Figure 5d−f show that in agreement
with our hypothesis, the Li+ ions dissociate from the anions
faster in electrolytes with MPTFSI compared to those with
AMPS and AA, thus resulting in stronger decoupling for
MPTFSI-containing electrolytes. This argument is further
supported by visualization of the simulation snapshots
demonstrating ionic aggregates at different times for electrolytes
with different anionic units (Figures S9−S12). Specifically, we
observe the extent of structural rearrangement of ionic
aggregates to be strongest in electrolytes containing MPTFSI.
To understand the factors determining ion-pair association

time scales for different anionic groups, we focus on the partial
charges of the oxyanions (calculated to be −0.79e for AA, −
0.68e for AMPS and −0.64e for MPTFSI) which influence the
electrostatic interactions between the Li+-anion pair. We
observe that the frequency of ion-pair dissociation increases as
ion-pair electrostatic interactions weaken. These results help
rationalize the experimentally observed trend pertaining to the
influence of anion chemistry on the extent of decoupling of ion
transport from polymer dynamics in electrolytes with low ion
concentrations (Figure 2b).
Li+ Transport Mechanism in High Ion Concentration

Regime. In contrast to the low ion content regime, the trends
for Li+ mobility significantly deviate from that of the polymer
mobility for electrolytes with high ion content. Explicitly, Li+
diffusivities increase with ion content (for electrolytes
containing AA) or approach a constant value (for electrolytes
with AMPS and MPTFSI) despite a decreasing trend for
polymer mobility. Further, such electrolytes with high ion
contents are seen to exhibit almost single ion conductivity since
the Li+ mobilities are roughly an order of magnitude higher than
those of their respective polyanions.
Simulation results demonstrate that even at these higher ionic

contents, a majority of the Li+ ions are coordinated to the
oxyanions (Figures S5−S8). To rationalize the observed
decoupling between ion motion and polymer dynamics, we
hypothesize that the long-range movement of Li+ ions occurs by
hopping motion along the anionic groups within and between
the ionic aggregates. Since the ion-hopping mode of Li+
transport does not necessarily rely on polymer motion, such

an ion transport mechanism will lead to a decoupling between
ion transport and polymer dynamics.
To validate the above hypothesis, we probed whether at high

ion contents, the Li+ diffusivities exhibit a correlation with the
frequency of Li+ ion hops between the anion sites. Toward this
objective, we computed the average ion-pair association lifetime
by fitting a stretched exponential of the form exp(−(t/α)β) to
the association autocorrelation functions (eq 8). The average
association lifetimes τc were then calculated as

(9)

In Figure 6, we display the Li+ diffusivities and the
corresponding average ion-pair association lifetimes for the

different anions and compositions at higher ionic contents.
Therein, a universal correlation between the Li+ diffusivities and
the ion pair average lifetimes was observed. The latter confirms
that the mechanism for Li+ transport in the high ion content
regime to be hopping along the anionic groups relatively
immobilized by the polymer backbone. These results support
the existence of different mechanisms for ion transport in the
low and high ion content regime, which were consistent with the
experimentally observed dependence of activation energies on
the ion content (Figure 2a and Table 1).
Next, we focus on the influence of anion identity on ionic

conductivity in the higher ion content regime. We note that the
ion pair average lifetimes are expected to be influenced by both
the interaction strength of the ion pairs and the ionic aggregate
morphology. Explicitly, a less delocalized oxyanion typically
leads to increased ion pair lifetimes and was thereby expected to
result in slower Li+ transport. However, contradicting such an
intuition, the simulated results for Li+ diffusivities (Figure 3b)
revealed that the electrolytes containing AA exhibit highest Li+
mobilities despite the strongest ion-pair electrostatic inter-
actions.
To explain the observed dependence of the simulated ionic

conductivity on anion chemistry in the higher ion content
regime, we examined the corresponding ionic aggregate
morphologies for electrolytes with different anionic species.
From visual inspection of the simulation snapshots (Figure 7a−

Figure 6. Simulated Li+ diffusivity versus average ion-pair association
lifetime to demonstrate a universal relationship for systems with higher
ion content. Systems with different anion chemistries are represented as
AA (green symbols), AMPS (blue symbols), and MPTFSI (red
symbols). Different copolymer compositions are represented as xanions =
0.5 (diamonds), xanions = 0.63 (■), xanions = 0.76 (▲), and xanions = 0.9
(●).
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i), we noticed that the ion cluster morphologies containing AA
differed significantly from those with AMPS or MPTFSI. The
ions in the systems containing AMPS orMPTFSI organized into
well-dispersed morphologies. In contrast, the ions in the AA-
based electrolytes formed a separate ion-rich phase that was
accompanied by a significant amount of “void” space. This
morphological picture was characterized by a slow decay of the
Li+−Li+ radial distribution functions in AA-containing electro-
lytes to the asymptotic value of one as shown in Figure 8. The
similarly slow decay of Li+−O(anion) and O(anion)−O(anion)
radial distribution functions are also presented in Figures S16
and S17.
We collected X-ray scattering data for the electrolytes with

high ion composition (Figure 7j−l) to corroborate the
morphological observations from simulations. Lower ion
composition scattering data is included in Figure S13. All
electrolytes exhibited a primary scattering peak at q = 4 nm−1

(marked with circles, artifact of Kapton) and a broad scattering
feature at q ≈ 12−15 nm−1 (marked with squares) including an
uncharged control (Figure S28). The scattering profiles for the
AA-based electrolytes exhibit an additional scattering feature
(marked with stars) at q ≈ 1−2 nm−1. The presence of the
additional peak at lower q for the electrolytes containing AA was
consistent with the scattering due to the phase-separated ionic
domains. Furthermore, this peak shifted to larger length scales as
the carboxylate fraction increased, suggesting an increase in the
size of the ionic domains. These characteristics are in agreement
with the simulated ionic morphologies (Figure 7a,d,g), which
suggests significant phase separation of ions from the rest of the
polymer backbones and PEGMEA side chains in electrolytes

containing AA. The phase separation of ions from the rest of the
polymer backbone and PEGMEA side chains may be due to the
relatively stronger electrostatic interactions between the Li+ and
AA anions counteracting the formation of a homogeneous
morphology. Similarly, the absence of the additional peaks in
electrolytes containing AMPS or MPTFSI suggested negligible
phase separation of ions, consistent with the corresponding
simulated morphologies. On the basis of these results, we infer
that the ionic aggregate morphologies for the AA-based
electrolytes provides a continuous, percolated path for Li+
with enhanced proximity of the hopping sites (Figure 8),
leading to faster ion exchanges and higher diffusivities. This
result demonstrates the importance of morphology in
influencing the transport properties of comb-branched single-
ion conducting materials.
Together, the results discussed in this section suggest that in

the low ion content regime, both the Li+ transport and ionic
conductivity are slaved to the polymer dynamics. At such low ion
concentrations, the electrolytes containing MPTFSI exhibited
the highest decoupling of ion transport from polymer dynamics
due to the relatively weaker electrostatic interactions of the Li+-
anion pair. At higher ion composition, the Li+ transport was
significantly faster than that for the polyanions due to the long-
range movement of Li+ ions by successive hopping along the
large, percolated, immobile ionic aggregates. We further
highlighted the unanticipated influence of ion-aggregate
morphology on ion transport in the high ion concentration
regime. Future design efforts for single-ion conducting comb-
branched electrolytes may benefit from optimization of
morphology rather than composition of the polymer alone.

Figure 7.Morphological characteristics from simulations (a−i) and experiments (j−l) for electrolytes in the high ion content regime. (a−i) Snapshots
of MD simulations at 600 K, showing only Li+ ions and oxygens in the anionic groups. Different colors represent distinct aggregates. (j−l) X-ray
scattering profiles from experiments at 300 K. The I(q) plots are shifted vertically for clarity.
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■ CONCLUSIONS
In summary, a series of single-ion conducting electrolytes in a
comb-branched architecture were synthesized by grafting-
through poly(ethylene glycol) methyl ether acrylate and one
of the three different lithiated anionic groups into a single
copolymer backbone. The anion identity was found to
significantly influence the ionic conductivity and the extent of
decoupling of ionic conductivity from polymer segmental
motion. At lower ion concentrations in the copolymer, the
electrolytes containing MPTFSI were observed to exhibit both
highest ionic conductivity and strongest degree of decoupling of
ion transport from polymer dynamics. A monotonic increase in
the activation energies for ion transport was observed on
increasing the composition of anion in the copolymer, indicating
potentially different mechanisms for ion transport at varying ion
contents.
With the help of atomistic MD simulations, we report

molecular level insights on the mechanisms underlying the ion

transport characteristics. Our simulation results suggest that the
Li+ transport at lower ion concentrations is dictated by the
codiffusion of Li+−polymer pair and the rearrangement of ionic
aggregates, resulting in comparable diffusivities for Li+ and
polyanions. In this regime, the highest degree of decoupling
observed for the MPTFSI-containing electrolytes was attributed
to the relatively weaker ion-pair electrostatic interaction. With
increasing ion content, the ionic aggregates size increased
resulting in decreased polymer mobility. At higher ion
composition, the ionic aggregates percolate providing a
continuous path for long-range Li+ transport along the ionic
aggregates. This results in single-ion conduction with consid-
erably faster Li+ transport compared to the polymer diffusion.
We further highlight that in the high ion composition regime,
the interplay between the resulting ionic aggregate morpholo-
gies and the strength of ion-pair electrostatic interactions, should
guide the choice of counterion identity for achieving maximum
ionic conductivity.
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