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ABSTRACT: Single-ion conducting polymers (SICs) are promis-
ing candidates for the next generation of safer polymer electrolytes
due to their stability and high transference number. However, the
conductivity in SICs is often limited by the mobility of the polymer
backbone as the ion mobility is coupled to segmental relaxations.
We present polymer blend electrolytes, consisting of a precise
single Li-ion conducting polymer with a
(trifluoromethanesulfonyl)imide anion pendant group and a low
molar mass poly(ethylene oxide) (PEO). Dielectric relaxation
spectroscopy is used to probe both the ion transport properties and
segmental dynamics of these blends, and X-ray scattering is used to
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evaluate their morphology. PEO associates with the ionic groups of the SIC, forming a miscible blend with pathways that promote
ion transport. At a high PEO content (an ethylene oxide to Li* ratio of 10), ionic conductivities greater than 10~ and 107* S cm™
are achieved at 90 and 130 °C, respectively. A comparison of conductivities and polymer relaxation times shows that the high PEO
content blends exhibit superionic transport, in which there is some decoupling of the Li-ion motion from the backbone mobility.
This superionic transport is uncommon in single Li-ion conductors above the glass transition temperature, thus this work presents a
critical step toward establishing design rules for superionic transport in SICs.

B INTRODUCTION

There is major interest in developing advanced lithium-ion
batteries due to their high energy densities compared to other
energy storage technologies.”” Currently, conventional liquid
electrolytes still dominate the lithium-ion battery market
because of their superior ionic conductivity. However, liquid
electrolytes typically have multiple disadvantages including
electrochemical instability, volatility, flammability, and den-
drite formation.” Solid polymer electrolytes (SPEs) have been
extensively investigated as an alternative, with improved safety,
flame resistance, and compatibility with high specific energy
electrode materials." SPEs are generally composed of a lithium
salt that is mixed with a solvating polymer to promote ion
dissociation. Of those that have been studied, poly(ethylene
oxide) (PEO) still remains the most popular solvating polymer
due to its ubiquity, low glass transition temperature (Tg), and
ability to solvate lithium ions through chelation.*”® As the
archetypal design of SPE is classified as the dual-ion conductor,
the diffusion of both the cation and anion can lead to similar
hurdles that liquid electrolytes must overcome.

Single-ion conductors (SICs) are a class of SPEs in which
one of the ionic species (often the anion) is covalently bonded
to the polymer. SICs are either synthesized through polymer-
ization of functionalized monomers or post-polymerization
modification. The mobility of the covalently bound anions is
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limited during battery cycling, which can lead to a high
transference number for Li* and can prevent the concentration
gradients that typically cause voltage losses and reduction in
performance.” Although significant efforts have been focused
on PEO-based SICs, the majority of PEO-based SICs exhibit
ionic conductivities of 107° to 107* S cm™! at 90 °C,>®” which
are still below the desired ionic conductivities for commerci-
alization (above 107> S cm™ at room temperature). Achieving
superior ionic conductivity in PEO-based SICs is limited by
the high degree of crystallinity of PEO at room temperature as
well as the regulated ion transport that depends on segmental
mobility. Above the T, of the SICs, ion transport is dominated
by segmental mobility of polymer chains, in which they exhibit
a Vogel—Fulcher—Tammann (VFT) conductivity dependence
on temperature.'°~"? Ton transport in SICs in the glassy state,
on the other hand, has been shown to be dominated by
transport decoupled from the segmental dynamics of polymer
backbones that exhibit Arrhenius dependence on temper-
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Figure 1. Synopsis of the synthesis route to pSPhTFSI-Li, adapted from Nguyen et al,, in which the synthesis is reported elsewhere.*

ature.'”"*'* The ionic conductivities in this Arrhenius regime,
however, are often several orders of magnitude lower than
those of liquid electrolytes or SICs above the T,.

A key limitation in polymer electrolytes is that ion
conductivity is typically strongly coupled to the mobility of
the polymer backbone, which can prevent the high
conductivities of liquid electrolytes from being achieved. To
address this, some recent studies have focused on decoupling
ion transport from the polymer backbone, particularly in SICs.
When comparing molar conductivity with segmental relaxation
time, conductivities that fall above the “ideal” Walden line are
considered to be superionic, with at least some degree of
decoupling of ionic transport from segmental relaxation
time.">'® Decoupled transport is most common below the
T, but is challenging to access far above the T}, or in the melt
state, when conductivity begins to approach target values of
~107* S cm™!. While this superionic transport has been
reported for some salt-in-polymer electrolytes, as well as
polymerized ionic liquids, we believe it has not previously been
reported above the T, for a single Li-ion conductor."* ™" Our
recent work has utilized experiments and atomistic molecular
dynamics (MD) simulations to demonstrate the potential for
cations to move along percolated ionic assemblies, faster than
the segmental dynamics of the polymer backbone.'”*® Others
have also theorized that the formation of nanochannels from
percolated ionic aggregates can assist ion transport, with ion
correlations that result in enhanced charge delocalization and
reduced activation energy.”"””> Therefore, establishing perco-
lating aggregate networks in SICs is desired to maximize ion
mobility faster than the polymer backbone. We recently
reported decoupled cation transport through percolated
aggregates in precise polyethylenes with cation-neutralized
phenyl sulfonate pendant groups on every fifth backbone
carbon below the Tg.19 These ionomers were synthesized from
ring-opening metathesis polymerization (ROMP) of 4-phenyl-
cyclopentene monomers, followed by hydrogenation and
sulfonation of the phenyl moieties.”””* The ionic conductivity
of the Li-neutralized polymer is on the order of 1077 S cm™ at
180 °C (T, > 220 °C), which is still several orders of
magnitude below the values that liquid electrolytes can
provide, so more must be done to improve ion-percolated
systems such as this.

To further improve the ionic conductivity in SICs, factors
that need consideration are the polyanion size and charge-
delocalization because they affect dissociation of ions, as well
as the mobility of the polymer. Generally, bulkier and more
charge-delocalized ions are preferred to improve ion
dissociation in polymer electrolytes. MD simulations also
suggest that decoupled ion transport can be enhanced by
increasing the size of the bound ion in the polymers.”” A
frequently studied lithium salt in SPEs is lithium bis-
(trifluoromethanesulfonyl) imide (LiTFSI) due to its bulkiness
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and high charge delocalization.”*™>® The TFSI™ counteranions

were first incorporated to polymer chains by Meziane et al.”” to
obtain TFSI-based SICs from the derivatization of a styrenic
monomer and were adapted in various forms of polymer
backbones to investigate the effect on different properties.”” >
TFSI-functionalized SICs, with polystyrene-based backbones
(PSTFSI-Li) and poly(acrylic acid)-based backbones (PATF-
SI-Li), have also been blended with PEO to improve ion
transport, achieving conductivities of ~10™° S cm™ at 80
°C.***! However, to further increase conductivity in SICs, it is
critical to understand the underlying mechanisms behind the
transport phenomena and determine ways to achieve
superionic transport above the T, This study focuses on
recently synthesized pSPhTFSI-Li, a precise polyethylene
with a LiTFSI-functionalized phenyl group spaced every five
carbons along the backbone (Figure 1). The synthesis of
pSPhTESI-Li is reported in Nguyen et al., which also includes
work done in parallel with this study that describes some of the
electrochemical characterization of the neat pSPhTFSI—Li and
blends with 20,000 g mol™ PEO.* The parallel study found
that pSPhTFSI-Li blended with 20,000 g mol™" PEO
exhibited a Li* transference number of approximately 1 and
a conductivity of ~107* S cm™ at 90 °C at certain blend ratios,
which are promising for an application as a SPE. In this study,
we blend pSPhTFSI-Li with low-molecular-weight PEO
(1000 g mol™") and, for the first time, characterize the
nanoscale structure and polymer dynamics in combination
with the ion transport properties. In blends with a ratio of
ethylene oxide to Li* (EO/Li) of 10, we determine that the
system exhibits superionic transport well above the T, which is
uncommon in single Li-ion conducting polymers.

B MATERIALS AND EXPERIMENTAL METHODS

Materials and Sample Preparation. pSPhTFSI-Li was made
starting from poly(4-phenylcyclopentene) (P4PCP), which is
produced through ROMP and features a precise linear polyethylene
backbone with an atactic phenyl branch on every fifth carbon
following mild hydrogenation of the olefins (pSPh) 2* The synthesis
of pSPhSA-Na was then adapted from Kendrick et al,, and the degree
of sulfonation is 94%.>** The number average degree of polymer-
ization (N,) is 89, and the dispersity (D) is ~1.6. The synthesis of
pSPhTESI-Li from pSPhSA-Na is shown in Figure 1. From the
calculations first presented in Nguyen et al,, it was determined that
90% of the phenyl groups were successfully functionalized with a
TFSI-Li moiety. In other words, the conversion efficiency from SA—
Na to TFSI moieties was 96%.” The detailed synthesis and
characterization of these materials, including thermal gravimetric
analysis (TGA), size exclusion chromatography (SEC), and multi-
nuclear magnetic resonance (*H, °C, and "’F NMR), are reported in
a work conducted parallel to this study.>

PEO with a methyl ether at both ends and a number average molar
mass (M,) of ~1000 g mol™" (N, = 22) was obtained from Millipore
Sigma (product no. 445894). Appropriate amounts of lyophilized
pSPhTESI-Li and as-received PEO were mixed to obtain the
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following ethylene oxide to Li* (EO/Li) ratios: 0, 2, S, and 10. These
polymer mixtures were dissolved in deionized water (2—3 wt %
polymer in solution) and stirred for at least 1 h at 23 + 2 °C.
Solutions were then drop cast onto 100 um teflon at 80 °C, and the
solvent was evaporated to form polymer blend films. The as-cast
polymer films were dried at high temperature under vacuum, as
detailed below, before each of the measurements: differential scanning
calorimetry (DSC), X-ray scattering, and dielectric relaxation
spectroscopy (DRS).

Thermal Characterization. DSC was performed on the
pSPhTESI-Li blends and the neat PEO. The as-cast polymer films
(4—10 mg) were dried at 180 °C for 1—2 days (EO/Li = 0 and 2) and
120 °C for >12 h (EO/Li = § and 10, and neat PEO) under vacuum,
then immediately sealed in DSC pans for testing using a TA
instruments QA 1000 differential scanning calorimeter. Samples went
through at least two cooling and heating cycles, at 10 °C/min, with all
samples heated to at least 150 °C and cooled to as low as —140 °C
depending on the PEO content. The final heating was used to
determine the T, values and the melting point (neat PEO only).

X-ray Scattering. X-ray scattering measurements were performed
at room temperature on the pSPhTFSI—Li blends and neat PEO. The
as-cast polymer films (100—200 ym thick) were dried at 180 °C for
1—2 days (EO/Li = 0 and 2) and at 120 °C for >12 h (EO/Li = S and
10, and neat PEO) immediately before structural characterization.
The dual source and environmental X-ray scattering facility operated
by the Laboratory for Research on the Structure of Matter at the
University of Pennsylvania, with a Xeuss 2.0 system (Xenocs) and a
GeniX3D Cu source (4 = 1.54 A), was used for X-ray scattering
measurements. Sample-to-detector distances for X-ray scattering were
35 cm for small angles (SAXS) and 16 cm for wide angles (WAXS),
covering a total q range of 0.05—2.0 A~'. Samples were mounted on a
mica window and measured for at least 1 h. The 2D X-ray scattering
profiles are isotropic and thus were azimuthally integrated to 1D data
using Foxtrot software after subtracting the mica window background.
X-ray scattering peak positions were determined using the
simultaneous fitting of scattering peaks with pseudo-Voigt functions
as shown in Figure S1. The neat PEO and EO/Li = 10 samples were
also measured at higher temperatures using a Linkam HFSX350-GI
stage. PEO was measured at 60 °C in order to obtain a scattering
profile above its melting point. pSPhTFSI-Li EO/Li 10 was
measured at select temperatures upon cooling from 130 to 30 °C,
keeping at each temperature for 1 h.

Dielectric Relaxation Spectroscopy. Ionic conductivity and
dielectric relaxations were determined using DRS. The as-cast
pSPhTFSI-Li blend films (50—100 um thick) were sandwiched
between two stainless steel electrodes, with silica spacers. The
polymer-electrode assembly was placed into a cryostat and
equilibrated under vacuum at 180 °C for 1-2 days (EO/Li
and 2) and at 120 °C for >12 h (EO/Li = § and 10) to ensure any
remaining water was removed and to maximize wetting of the polymer
with the electrode interface. The measurements were performed using
a Solartron Modulab XM materials test system in the frequency
window 107'—10° Hz under an applied voltage of 0.5 V. The
polymers were measured every 5 °C upon cooling and held for 20 min
at each temperature before measurement to let the polymer
equilibrate. In addition, polymers were measured upon heating to
ensure reversibility. The polymers remained in a constant vacuum
environment during the entirety of their equilibration and measure-
ment. Temperature ranges varied per sample and included all of the
temperatures at which a DC conductivity feature appeared in the
frequency window of 107'~10° Hz. The temperature ranges were
120—190 °C (EO/Li = 0), 90—180 °C (EO/Li = 2), 40—140 °C
(EO/Li = §), and 30—130 °C (EO/Li = 10). Impedance data (Z’ vs
—Z") were fit with an equivalent circuit model to determine the
through-plane high-frequency resistance R, which is used to calculate
the through-plane conductivity, opc = L/AR, where L is the film
thickness and A is the cross-sectional area (determined using Image]
software area analysis), Figure S2. The permittivity spectra (¢’ and
€”) were also used to calculate conductivity and dielectric relaxation
information as detailed below.
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B RESULTS AND DISCUSSION

Thermal Properties of Blends. DSC was employed to
investigate the T, as well as PEO crystallinity in the blends of
pSPhTFSI-Li and PEO, and will be further corroborated with
ionic conductivity and X-ray scattering results in later sections.
DSC thermograms of the neat polymers and different blend
compositions of PEO and pSPhTFSI-Li are shown in Figure
2a. An endothermic transition was observed in 1000 g mol™
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Figure 2. (a) DSC thermograms of heating of pSPhTFSI-Li, PEO,
and their blends. Inverse triangles denote T, values at the midpoint.
(b) Corresponding T, for different PEO contents and fitting with eq 1
(k = 0.38). T, values determlned from DRS analysis of EO/Li = § and
10 (detailed later) are also included.

PEO at 30 °C upon heating, and this is attributed to the
melting of PEO crystallinity into an amorphous state. PEO has
a crystallinity™* of 69%. PEO also exhibits a T, of =75 °C,
consistent with PEO of low M,. Neat pSPhTFSI—Li exhibits a
single T, 199 °C, which is higher than that of the parent pSPh
(T 17 °C),24 as a result of bulkier side groups and
interactions between ionic groups. This is lower than
previously reported T, for the polystyrene-based SIC,
PSTESI-Li (212—256 °C) 101135 Jikely due to the more
flexible nature of the pSPh backbone compared to PS and the
lower overall ion content. Upon addition of PEO into
pSPhTESI-Li, there is a significant reduction in Ty and all
blends exhibit only a single T, which indicates a miscible
polymer blend.">***” The absence of a melting peak in any of
the blends also suggests a single-phase system and suggests that
ion transport in these blends will not be impeded by a
crystalline PEO phase.

The Tgsvalues fit well (Figure 2b) with the Gordon—Taylor

equation
 WT, + kWT,,
T W+ kW,

(1)
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where W, and W, are the weight fractions of each
homopolymer component, PEO and pSPhTFSI-Li, respec-
tively, and T,; and T, are the T, values of neat PEO and
pSPhTESI-Li, respectively. The parameter k accounts for the
deviation from ideal mixing of binary mixtures and unequal
contribution of each homopolymer component into the
resulting T,. For the pSPhTFSI-Li/PEO blends, a value of k
= 0.38 results in the best fitting of the Gordon—Taylor model
and is similar to k reported for other single Li-ion conductors
blended with PEO.*** While a single T, indicates a single-
phase material, k < 1 suggests that the local dynamics are
dominated by specific local interactions. In pSPhTFSI-Li
blends, this is consistent with strong interactions between the
TFSI-Li groups and the ether oxygen in PEO, and weaker
interactions between the nonpolar pSPh backbone and PEO.
The T, values of the EO/Li = S and 10 blends were also
obtained from an analysis of segmental relaxation from the
DRS measurements, as detailed in the following sections, with
good agreement.

Nanoscale Morphology. X-ray scattering was performed
on the pSPhTFSI-Li/PEO blends at 25 °C (Figure 3), and all

p5PhTFSI-Li + PEO at 25°C

qagg

S

Intensity (a.u.)

10

PEO (60°C)

0.5

T T

10 15 20
q (A"

Figure 3. X-ray scattering data of neat pSPhTFSI-Li and blend
compositions of pSPhTFSI-Li with PEO (M, = 1000 g mol™") at 25
°C, shifted vertically for clarity. For comparison, the data were plotted
against X-ray scattering data of neat PEO at 60 °C. The X-ray profile
of PEO at 25 °C can be found in the Supporting Information (Figure
S3).

0.0

of the blends exhibit an asymmetric amorphous halo. For neat
pSPhTESI, the maximum of this amorphous halo is gymepn ~
1.2 A7". This peak shifts toward the position of melt-state PEO
in the EO/Li = 10 blend, qunorpn ~ 14 A™') which is
comparable to that of the amorphous halo found in PEO at 60
°C. The PEO (1000 g mol™") is semicrystalline at 25 °C,
showing multiple sharp peaks in the range ¢ = 1-2 A" (Figure
S3). The absence of crystalline peaks in Figure 3 represents
purely amorphous blends, indicating the miscibility between
1000 g mol™" PEO and pSPhTFESI-Li. If the polymers were
phase-separated, it is likely that some of the PEO would
crystallize, which is not evident in the room-temperature X-ray
scattering or DSC results.

In addition to the amorphous halo, neat pSPhTFSI-Li
exhibits g,,, at 0.33 A~' which is associated with the
characteristic length scale d,g, = 19 A of the ionic aggregates
(Figure 4), where d = 27/q. In the previous study of pSPhSA—
Li, which combined X-ray scattering and atomistic MD
simulations, d,g, corresponds to the center-to-center spacing
between distinct sections of a percolated aggregate. Thus, we
assign the low-angle peak found in the pSPhTFSI—Li and the
blends to the ionic aggregates. This spacing is a primary factor
determining the aggregate spacing.'” Upon addition of PEO to
pSPhTFSI-Li, the intensity of the g,,, peak decreases while
maintaining a similar position in the EO/Li = 2 and § blends,
with dp, ~ 19 A (Table S1), and this aggregate peak
disappears in the EO/Li=10 blend. Previous studies of PEO-
based copolymer ionomers have also demonstrated the
disappearance of q,g,, which was attributed to the suppression
of ionic aggregation by the addition of PEO.*"** However, we
propose that the weakening of gq,, with increasing PEO
content in the pSPhTFSI-Li/PEO blends is likely the result of
a loss of scattering contrast between the polar and nonpolar
phases. Estimates of the electron densities, based on the van
der Waals volume (VDWV),” of p5Ph (~504 nm~) and
amorphous PEO (~488 nm™>) are very similar and both lower
than that of TFSI-Li (835 nm™), so the addition of PEO to
the ionic domains reduces the electron density differences
between the polar and nonpolar domains.

This phenomenon has been reported in computational and
experimental studies of multiple sulfonated proton-conducting
polymers swollen with water.”** In those studies, the presence
of water lowers the electron density of the sulfonated polar
domains, to values similar to that of the nonpolar backbone,
leading to the disappearance of the aggregate peak, even

O
C O crNO,S,

p5Ph PEO

No PEO

High PEO content

Figure 4. Illustration of expected phase behavior ranging from low to high PEO content in the pSPhTFSI-Li/PEO blends. Note that the low-

molecular-weight PEO is amorphous in the blends.
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though there is still nanophase separation. We suspect a similar
behavior in pSPhTFSI-Li and PEO blends, where 1000 g
mol™! PEO interacts with the ions to swell the polar domains,
decreasing the electron density of the ions and reducing the
overall electron density contrast in the blends as a function of
PEO content. Figure 4 schematically shows the nanoscale
morphology without and with PEO swelling the ionic
assemblies and maintain d,,,. The interaction of the PEO
with the ions is further demonstrated at the high PEO contents
of EO/Li = § and EO/Li = 10, with an additional peak, g;, that
appears at ~ 1 A™', or d, ~ 6 A, Figure 4. This peak
corresponds to scattering from anion—anion correlations, and
has been frequently reported in studies of polymerized ionic
liquids.**~** Recent work by Balsara and co-workers reported a
similar d, = 7 A in blends of PEO with LiTFSI salt, further
indicating that d, is approximately the anion—anion distance in
our pSPhTFSI-Li blends.” To explore the behavior of the g;
peak with temperature, we selected one system exhibiting this
peak, EO/Li = 10, and performed X-ray scattering at select
temperatures on cooling (130, 110, 90, and 50 °C), Figure S4.
Overall, the scattering results are similar indicating continued
blend miscibility. Figure § illustrates the change in d,oph and

T (°C)
6.3 120 90 60 30
624 @ dj PY ® ]
6.1 .
6.0 ®
59{ @
< 5.8 1
~ =
T 4.5 E
aa] Fwe
4.3 TR,
424 % damorph
4.1 T T T T
24 2.6 2.8 3.0 3.2 3.4
1000K/T

Figure 5. d; and d, o, 0f the pSPhTESI-Li/PEO EO/Li = 10 blend
as a function of temperature. Results obtained from fits of data in

Figure S4. The dashed line is a linear fit through d,;orpn.

d; with temperature for the EO/Li = 10 blend. d, 1 decreases
linearly as T' increases, which is consistent with thermal
expansion of a polymer above the T,. Conversely, d; increases
with T™', suggesting ions are closer together at a higher
temperature with d; = 5.9 at 130 °C. Previously studied PEO-
based sulfonate copolymers have shown aggregation to occur
upon heating, a result of stronger columbic interactions
between ions occurring at higher temperatures.”” Here, the
ions remain solvated by the PEO, and the reduced interion
distance may similarly be a result of stronger columbic
interactions at higher temperatures.

While we did not observe phase separation in these blends
with 1000 g mol~! PEOQ, higher PEO concentrations could
induce macrophase separation. In the parallel study on
pSPhTFSI-Li blended with 20,000 g mol™" PEO, it was
reported that at high PEO contents (>70 wt % PEO), there is
evidence of macrophase separation.”” This suggests that as we
increase the PEO content in these 1000 g mol™ PEO blends,
even before macrophase separation occurs, the LiTFSI
functional groups may begin to expel excess PEO toward the
center of the polar domains. At a sufficiently high PEO
content, this could lead to macrophase separation, as seen in
the 20,000 g mol ™! blends.*

lonic Conductivity. Ionic conductivity (opc) of
pSPhTFSI-Li with varying PEO contents was examined as a
function of temperature, Figure 6a. 6pc was determined from
the Nyquist plot by fitting to an equivalent circuit model
(Figure S2), and is completely reversible for all of the blends
studied upon heating and cooling (Figure SS). Neat
pSPhTFSI-Li exhibits Arrhenius behavior (fitting parameters
in Table S2) and has ionic conductivity from 107"' S cm™ at
120 °C to 107* S cm™" at the highest measured temperature of
190 °C.

—E,
Opc = Op €Xp| —

RT ()

The activation energy of ~130 kJ mol™ and values of
conductivity are very similar to those of previously reported
functionalized polystyrenes, PSTFSI-Li."”'"** This is ex-
pected when the functional groups are the same, and
decoupled ion transport occurs in a similar local environment.
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Figure 6. (a) Ionic conductivity of neat pSPhTFSI-Li and blend compositions with PEO as a function of temperature. (b) T,-normalized ionic
conductivity of neat pSPhTFSI—-Li and different EO/Li concentrations along with VFT and Arrhenius fits of conductivity (eqs 2 and 3). Vertical
dashed line represents T,/T = 1. The T, for EO/Li = 5 and 10 is the mean of T, psc and Typgs, and the T, for EO/Li = 0 and 2 is just Ty psc
because T, for these samples could not be determined from DRS measurements.
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As PEO is added to pSPhTFSI—-Li, conductivity increases
significantly, with EO/Li 10 exhibiting the fastest ion
transport of all blends studied. The EO/Li = 10 blend has a
6pc of 3.8 X 107° S cm™ at 90 °C and 1.8 X 10™* S cm™ at
130 °C, which is 7 orders of magnitude greater than that of
EO/Li = 0 at the same temperature. The drastic increase in
conductivity is largely due to the increase in polymer mobility
in the amorphous blends from the low-T, PEO. These
conductivity values are consistent with those reported for
pSPhTESI-Li blended with 20,000 g mol™' PEO in a
concurrent study.”> The EO/Li = 10 conductivity values are
also similar to those measured in PSTFSI-Li/PEO blends by
Meziane et al. and Ma et al.””>" Note that the pSPhTFSI-Li
used here was synthesized using postpolymerization mod-
ification, as opposed to monomer synthesis for PSTESI-Lj,
demonstrating an alternative route to access this level of ion
transport.

To improve polymer electrolyte design, it is critical to
understand the mechanisms of ion transport that are present.
opc exhibits VFT-like behavior (Figure 6b, fitting parameters
listed in Table S2) in the EO/Li = S and 10 blends at all
temperatures tested (at T >> T,), thus indicating a dependence
on segmental mobility in ion transport.

_B ]
T-T, (3)

For EO/Li = 2, a VFT-to-Arrhenius transition in o occurs
at approximately its T, of 118 °C (Figure 6b), as the dominant
ion transport mechanism transitions between decoupled
hopping and coupled with segmental relaxation. At T, the
conductivity is highest for neat pSPhTFSI-Li, 107® S cm™,
which is expected due to ionic aggregates that facilitate
decoupled ion transport when the polymer is glassy. The
conductivity at T, is reduced with the addition of PEO. This is
because transport of Li" in PEO is typically dominated by the
mobility of the PEO chains. Thus, when taken below T, Li*
surrounded by PEO becomes immobile compared to Li* ions
that are free to hop between neighboring TFSI™ groups.

It is well reported that when ion dynamics are completely
coupled to segmental relaxations of the polymer, op should be
in the order of 107"° to 107'* S cm™" at the Tg.11 This is the
case for EQ/Li = 5, which has opc ~ 1075-107% S cm™! at
T, However, the VFT fit of EO/Li = 10 intersects with Tg/ T=
1 at 107 S cm™', suggesting at least some amount of
decoupled transport is taking place at and above the T,. We
further explore the segmental dynamics and decoupling of ion
transport by analyzing the dielectric permittivity spectra.

Correlating lon Transport with Segmental Dynamics.
The real (¢’) and imaginary (¢”) components of the complex
permittivity spectra e¥(w) are described by**

Opc = O exp(

e¥(w) = ¢ — ie”

(4)

The complex permittivity was modeled (Figure 7) by the
superposition of a Havriliak—Negami (HN) function and a
term accounting for DC conductivity and electrode polar-
ization® ~>°

Aeg

[1+ (ia)THN_a)“]b
Q)

where €., accounts for the permittivity at infinite frequency,
the second term accounts for conductivity, opc, and electrode

opc  (iotg)
iw [1+ (iwrgp)]

e (w) = e, +
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Figure 7. (a) ¢ and (b) &”, with fits to the total and individual
components of eq 5. This example is for EO/Li = 10 at 30 °C. &, &,
Tgp, and 7, are labeled to illustrate where along the spectra these
phenomena occur.

10° 10’

polarization, where 7gp is the relaxation time associated with
electrode polarization, y is the corresponding shape parameter
for broadening of this relaxation, and the final term
corresponds to a dielectric relaxation, either the a or a,
process, where Ag,,, is the strength of the relaxation
(Aegyen = & — €)% Tun_q is the HN relaxation time,
and a and b are the shape parameters corresponding to
symmetric and asymmetric broadening of the relaxation,
respectively, where 0 < a < 1 and 0 < ab < 1. Equation 5
fits well to the experimental data, as is demonstrated in Figure
7. We note that the op values obtained by fitting with eq S
results in the same values as from previous fitting to the
equivalent circuit model, as is expected (Figure S6). We use
these parameters to compute the relaxation times, 7, and 7,,

with'27
—1/a 1/a
) 335
(6)

The 7, process corresponds to segmental relaxation of PEO
coordinated with LiTFSI, and 7,, to the rearrangement of
ions. %% We distinguish 7, and 7, by fitting to the
relaxation time form of the VFT equation

)
T-T, (7)

In polymers, it is generally accepted that the glass transition
occurs when the segmental relaxation time 7, is ~100—1000
s.'°7%% In Figure 8a, the T, from DRS is the temperature at

abm
n
2+ 2b

an
n
2+ 2b

Ta/llz = THN—a/a2(51

T, = Ty exp(
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Figure 8. (a) 7, and 7,, vs inverse temperature for the pSPhTFSI—Li blends. Solid lines are VFT fits (eq 7), with fitting parameters listed in Table
S3. The horizontal dashed line represents 7,4, = 100 s, and the open points on this line are the T, determined from DSC. (b) Dielectric constant,
€, vs inverse temperature. Dashed line for EO/Li = 10 is the fit to the Onsager relationship (eq 8).

which the VFT-fit of 7, = 100 s. The T, values from DSC and
DRS experiments are within 10 °C for both the EO/Li = S and
EO/Li = 10 blends (Typsc/ Typrs is 19 °C/25 °C for EO/Li =

S,and —27 °C/—-18 °C for EO/L1 = 10); these magnitudes of
dlfference are commonly reported for polymer electrolytes.’”*
This agreement in T, suggests that the relaxation process in
EO/Li = § and 10 is predominantly segmental relaxation and
thus is labeled as the a process, notlng that ion rearrangement
will also be involved in the relaxation.”” In contrast, both the
neat pSPhTFSI-Li and EO/Li = 2 blend exhibit Arrhenius
behavior well before the relaxation time reaches 100 s,
indicating that these relaxations are primarily not a result of
segmental relaxation, but rather due to a rearrangement of ions
and thus we have identified it as the a, process.

The dielectric constants, €, of the ionomer and blends are
shown in Figure 8b. In the blend of EO/Li = 10, the high
dielectric constant results from strong dissociation of ions in
the blend. Dielectric constants of similar magnitude have been
previously seen in polyether—ester—sulfonate copolymer
ionomers and are due to ion rearrangement associated with
segmental relaxation.””*” The dielectric constant of EO/Li =
10 is fit to the Onsager equation®”®"**

2

(83 - 800)(288 + 800) _ vpaurmpalr
&(e +2)° 9ekT (8)
where v, and m,,;, are the number and strength of ionic

dipoles and vy, is the only fitting parameter, which is
assumed to be temperature-independent. Below 100 °C, &,
exhibits an excellent fit to eq 8, indicating that the EO/Li = 10
blend (T, = =27 °C) behaves as a simple polar liquid, which is
common in ionomers above T,. 306162 At temperatures >100
°C, the EO/Li = 10 blend diverges from this behavior, with a
significant reduction in &, In previously studied ionomers, this
divergence from the Onsager fit at high temperatures was a
result of ion aggregation that leads to a loss in the dielectric
constant.””> While the X-ray scattering of pSPhTESI-Li does
not suggest a structural transformation, the drop off of d; above
90 °C (Figure S) correlates with the reduction in the dielectric
constant at high temperatures.

In contrast to EO/Li = 10, & increases with temperature in
the EO/Li = 0, 2, and 5 blends. While uncommon in ionomers,
this has been previously reported in polymerized ionic
liquids."" This behavior is likely a result of the inverse
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Haven ratio, where more ions are contributing to conductivity
at higher temperature, giving a larger relaxation strength
associated with the rearrangement of ions. The inverse Haven
ratio has been reported in polymers that exhibit interconnected
aggregates, which is consistent with the percolated aggregates
based on our X-ray scattering results (Figure 3). A higher &, in
EO/Li = 5 than EO/Li = 0 or 2 is likely due to aggregates
swollen by PEO and thus greater ion rearrangement.
Interestingly, &, is slightly higher in EO/Li = 0 than EO/Li
=2, even though EO/Li = 0 has no PEO and likely has a more
tightly packed assembly. While &, is reduced with aggregation,
the low dielectric constant of PEO may also reduce the overall
g, of EO/Li = 2 relative to the neat pSPhTFSI-Li.

To gain further insight into the correlation between
segmental relaxation and ion transport in EO/Li = 5 and
EO/Li = 10, we construct a Walden plot. This is a double-
logarithmic plot of the molar conductivity, A, versus the PEO
relaxation time, 7, where ideal Walden behavior indicates
strong coupling of ion transport to segmental motion, Figure
9.'»!>1% The Walden behavior line is based on the ion

conductivity of a dilute aqueous solution, with a slope of 1.

The EO/Li = S blend exhibits Walden behavior similar to
0
1 p5PhTFS| -Li + 1k F’EO 3
= EO/Ll
L o2 f |
E 3y, 5 m=0.87 ]
5 1 3
&b a®
= i o 3
=
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Figure 9. A vs 7, of EO/Li = 5 and 10 blends (from 40 to 140 °C and
30 to 130 °C, respectively). The solid line is the ideal Walden line
based on a dilute salt in water.'***®*> A was calculated using the VDW
volume.” PEO,LIiTESI data (from 25 to 65 °C) is included for
reference and determined from conductivity and relaxation time
values from Bandara et al.** PEO,,LiTFSI (from —35 to —5 °C) data
is included for reference and determined from conductivity and

relaxation time values from Das et al.®®
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many other polymers and liquid electrolytes. However, EO/Li
10 falls approximately 1 order of magnitude above the
Walden line. This, combined with a slope of less than 1,
suggests superionic transport, in which ion mobility is at least
partially decoupled from the polymer.

Such superionic behavior has been previously reported in
some Li-salt polymer electrolytes, as well as single-anion
conducting polymers in the glassy state.'”'”®* We believe
Figure 9 is the first report of superionic transport in a single-
lithium ion conductor above the T,. To better understand what
is causing this superionic transport, it is critical to identify the
mechanisms involved with ion mobility. In systems containing
a Li-salt and PEO-based polymers, the Li* ions coordinate to
the ether oxygens, and ion mobility is coupled to the segmental
motion of the polymer backbone. However, in SICs, the Li*
ions will typically move with the covalently bound anion or
hop between neighboring anionic groups. Blending
pSPhTESI-Li with PEO leads to a competition between
these transport mechanisms, and the resulting ion transport
can vary depending on the amount of PEO, as evident by the
“ideal” and “superionic” behavior in the EO/Li = 5 and EO/Li
= 10 blends, respectively.

The superionic transport in the EO/Li = 10 blend suggests
there is at least some decoupling of the ion conductivity from
PEO segmental motion. A possible reason for this may be an
increased ability of the Li* ions to hop between TFSI™ anions
due to PEO solvation. In a recent study of PEO with LiTFSI
salt, a much higher fraction of free Li* ions was reported for
EO/Li = 10, compared to more negatively charged clusters
with EO/Li = 5.70.°° At modest amounts of PEO, the PEO-
TFSI complexes may disrupt the ability for PEO to fully
solvate the Li*, thus promoting the hopping mechanism. At
higher levels of PEO, such as our pSPhTFESI-Li EO/Li = 10
blend, there appears to be sufficient PEO to both fully solvate
the Li* ions and coordinate with the TFSI pendant groups.
Consequently, the Li* transport can be decoupled from the
PEO dynamics, because the energy barrier for hopping is
reduced. While the decoupling of Li* conductivity from the
backbone mobility in the EO/Li = 10 blend is promising, the
balance between the TFSI"/Li* and PEO/Li* coordination
strengths and the role of these interactions require further
experiments and atomistic MD simulations.

In Figure 9, we also compare the molar conductivity of the
pSPhTESI-Li blends to that of LiTFSI salt in high-molecular-
weight PEO with similar PEO ratios: EO/Li = 9 and PEO
5,000,000 g mol™';** EO/Li = 12 and PEO 400,000 g mol~.%°
We note that both of these systems were studied above their
T, and the EO/Li = 9 system was reported to be completely
amorphous, while the EO/Li = 12 system was semicrystalline
(~18% crystalline). Both PEO,LiTFSI and PEO,,LiTFSI
exhibit subionic behavior, where LiTFSI transport occurs
even more slowly than segmental dynamics. The temperature
ranges studied in PEOGLiTFSI and PEO,LiTFSI were much
lower than in pSPhTFESI-Li EO/Li = 10 because the dynamics
of PEO in the PEO—LIiTFSI electrolytes are significantly faster
than in our single-ion conducting system. For example, at 60
°C, 7, = 8 X 107° s in PEO,LiTFSI, compared to 3.6 X 10™°s
in pSPhTESI-Li EO/Li = 10, a difference of nearly three
orders of magnitude. However, the difference in conductivity
at 60 °C is only about 1 order of magnitude (9 X 107° S cm™
in PEO,LITFSI and 5.5 X 107 $ em™" in pSPhTESI-Li EO/
Li = 10). This is consistent with the significant improvement
toward superionic behavior in the pSPhTFSI-Li EO/Li = 10
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blend. Note that a Li* transference number of 1 was reported
in the parallel study of pSPhTFSI-Li with 20,000 g mol™"
PEO.” This result combined with the superionic transport
reported here for a pSPhTFSI-Li/PEO blend with 1000 g
mol” PEO indicate the potential of SICs to achieve decoupled
transport and high conductivity. While ion solvation was
accomplished with low-molecular-weight PEO here, alternative
solvation strategies can also be pursued in conjunction with
SICs.

Bl CONCLUSIONS

Polymer electrolyte blends were created with varying quantities
of a low-molecular-weight PEO with pSPhTFSI-Li, a new
precise SIC synthesized by a scalable ring-opening polymer-
ization. We used a combination of experimental techniques to
characterize the nanoscale morphology, ion transport, and
segmental dynamics of these polymer electrolyte systems.
These pSPhTFESI-Li and PEO blends are miscible in ratios up
to at least EO/Li = 10, and are fully amorphous. While the ions
form percolated assemblies that are nanophase separated from
the backbone in neat pSPhTFSI-Li, the addition of PEO
swells these polar aggregates and introduces interactions
between the ions (Li* and TFSI™) and PEO. At EO/Li = §
and 10, the spacing between the TFSI™ anions is ~6 A, which
may facilitate ion transport.

The addition of 1000 g mol" PEO results in a significant
increase in conductivity relative to the neat pSPhTFSI-Li
(over 7 orders of magnitude at 130 °C). The EO/Li = 10
blend has a conductivity of opc of 3.8 X 1075 S cm™ at 90 °C
and 1.8 X 107* S cm ™" at 130 °C, on par with other PEO-based
single Li-ion conductors. From a Walden plot analysis of the
conductivity and PEO relaxation time, we determined that the
EO/Li = 10 blend exhibits some decoupled ion transport at T
> T, which has not previously been reported in a single-Li
ion conducting polymer melt. This behavior is likely a result of
balancing the solvating action of PEO with both the covalently
bound TFSI” and Li", such that the energy barrier for
decoupled Li" hopping is significantly reduced. These results
suggest the value of solvating SICs to promote decoupled Li*
transport above the T,

Future work will explore additional ratios of EO/Li to
determine an optimal blend composition that maximizes the
degree of decoupling of Li* from pSPhTFSI-Li and PEO.
While this study has demonstrated a pathway to superionic
transport, additional characterization of this or related systems
is required to evaluate these materials as electrolytes for battery
applications. This includes exploring the PEO molecular
weight effects on the blend morphology and the ion transport
mechanisms and probing the mechanical properties and
electrochemical stability of these blends.
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