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Transport of ions through solid polymeric electrolytes Transport Pathway — Superionic Conduction

(SPEs) involves a complicated interplay of ion solvation, ion—ion Y
interactions, ion-polymer interactions, and free volume. Nonetheless, =1 Superionic Solid ]
prevailing viewpoints on the subject promote a significantly simplified § . / =
picture, likening ion transport in a polymer to that in an unstructured o ol ]
fluid at low solute concentrations. Although this idealized liquid transport St yd ]
model has been successful in guiding the design of homogeneous ! 5 [ Ideal line,~” 1
electrolytes, structured electrolytes provide a promising alternate route to g g : Real Liquids ]
achieve high ionic conductivity and selectivity. In this perspective, we y L ]
begin by describing the physical origins of the idealized liquid transport . L i
mechanism and then proceed to examine known cases of decoupling ’ Segmental Relaxation Time

between the matrix dynamics and ionic transport in SPEs. Specifically we

discuss conditions for “decoupled” mobility that include a highly polar electrolyte environment, a percolated path of free volume
elements (either through structured or unstructured channels), high ion concentrations, and labile ion-electrolyte interactions.
Finally, we proceed to reflect on the potential of these mechanisms to promote multivalent ion conductivity and the need for
research into the interfacial properties of solid polymer electrolytes as well as their performance at elevated potentials.

Solid Polymer Electrolytes, Ion Transport, Superionic Conductivity, Zwitterions, Liquid Crystals, Glass Transition,
Ionomers

which is the transport coefficient relating the ionic current
density from all charged species (i,) to the voltage drop (AV)
per unit distance (L) (eq 1). Nonetheless, the ionic
conductivity fails to capture the complexity of engineered
devices, which must have high ionic conductivity as well as
high voltage stability (to operate at sufficient AV values) and
mechanical robustness (ability to make defect-free and
processable films with small L). Nonetheless, ¢ is a useful

Ion transport is an important topic in diverse applications and
materials systems ranging from simple fluids to polymers and
inorganic systems. In recent decades, distinct design rules have
emerged for each of these systems due to differences in their
conductivity mechanisms. However, possible new innovations
may emerge from cross-fertilization across material classes.

Herein we describe how design principles from the polymer parameter to evaluate electrolytes as it can be easily measured
and inorganic electrolyte literature can be leveraged to using widely available impedance techniques, where more
generate polymer electrolytes with fast ion transport and precise transport coefficients often require techniques only
selectivity (Figure 1). This section begins by describing the available to experts. Another complexity in real cells is that
idealized liquid transport mechanism that is commonplace much of the current parametrized by the ionic conductivity
within polymer electrolytes and expands to describe deviations may be transient conductivity that is not maintained during
from this behavior that are frequently observed in structured cell operation, since redox inactive ions will accumulate at the
inorganic electrolytes. electrode—electrolyte interface in the absence of electro-

. . LS
chemical reactions that can consume the charged species.”
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The operating principles of electrochemical devices require
electrolytes that promote high flux of redox reactive species,
typically metal cations.'™* Although maximizing the flux of
reactive species is ultimately of primary interest for operation
of high-power electrochemical devices, ion transport within an
electrolyte is often parametrized by its ionic conductivity (o),
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Fast and Selective lon Transport

lon dissociation lon-ion correlations

Static free volume

Segmental motion

Figure 1. Polymer electrolyte performance is commonly understood
to operate by the principles of ion dissociation and segmental motion.
However, fundamental principles of ion conduction derived from
inorganic systems such as transport through static free volume and the
role of ion—ion correlations in highly concentrated electrolytes can
improve efforts to engineer toward fast and selective ion transport.

Thus, full characterization of electrolyte performance for
electrochemical applications must simultaneously consider the
species-dependent mobilities of all mobile ions in the
electrolyte or the selectivity of the electrolyte for the redox
active ions, which are often metal cations such as Li", Mg2+, or

n 1)

Ionic conductivity is broadly governed by two intercon-
nected factors: ion concentration and ion mobility. The mobile
ion concentration is set by both the total salt concentration
and the ability of the electrolyte to dissociate the relevant salt.
As illustrated in Figure 2, ions within an electrolyte exist in

QVOVOV
QDOVOVO
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Free lons Neutral

lon Pairs Charged  Clusters

Clusters

Figure 2. When a salt is introduced into an electrolyte medium it can
undergo a complex equilibrium between “free” ions, associated ion
pairs, and charged or neutral clusters/aggregates of >2 ions. This
equilibrium plays an important role in dictating the conductive
properties of an electrolyte. Similar equilibria exist for ion pairs of
differing valency.

equilibrium between “free ions” (dissociated, charged ions),
ion pairs (associated, neutral pairs of ions), and ionic clusters
(consisting of >2 ions and may be charge neutral or
charged).6_13 When ions are associated, their motions become
correlated over the lifetime of the ion association, impacting
both the flux of charge and the migration of ions. Though
numerous equilibria are required to describe the full
population of aggregates, generally this complex equilibrium
is simplified into a single equilibrium between dissociated ions
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and ion pairs dictated by the extent of ion dissociation (&)
(sometimes also called the ionicity), defined in eq 2.”'* This
dissociation extent is a function of both the identity of the
ionic species as well as the properties of the background
medium, including ion-electrolyte specific interactions and the
overall dielectric properties of the background.'>™*'

The generation of dissociated ions generally occurs through
solvation of added salts where the mobile ionic species are
typically added to the electrolyte through salt-doping. In so-
called single ion-conductors, which are typically comprised of a
polycation or polyanion with a corresponding small-molecule
counterion, the generation of mobile species occurs through
dissociation of the charged polymer-small molecule ion pairs.
In either case, high extents of ion dissociation (£) are favorable
in promoting high conductivity. Since £ can be dependent
upon both the salt and the host polymer identity, it is
commonly necessary to independently optimize the salt
loading for each polymer/salt combination, where a typical
trend of salt concentration versus conductivity displays a local
maximum that is a consequence of competing effects of ion
mobility and concentration.”>**

_ [free ions]
[total ions]

)

The ionic conductivity (6) accounts for the net charge
motion of all clusters and dissociated ions. This is seen in eq 3,
where e is the elementary charge, , is the specific mobility, c,
is the concentration, and z, is the charge of cluster “n”. Since
neutral ion pairs do not contribute to the ionic conductivity of
the electrolyte (z, = 0), eq 3 only requires two terms under the
simplified equilibrium of eq 2. These terms correspond to the
contributions of dissociated cations and anions (eq 4), where
e is the total salt concentration. Though larger charged
aggregates can also play a significant role in conductivity,
especially when the salt is poorly solvated, large ion clusters
have reportedly led to nonintuitive trends such as cation
migration toward the cathode.”*>°

o= Z ec, Iz,,lz/,gl
" 3)

o= ecsalt§(|z+|2,u+ +lz_Pu) (4)

In addition to generating mobile ionic species, an effective
electrolyte must also facilitate the transport of these species.
The standard perspective of ion motion through SPEs is
derived from theories of ion transport through standard, small-
molecule liquids, whereby the molecular scale (<1 nm)
dynamics controls ion motion. At this length scale, the
mobility of dissociated ions is primarily dictated by the local
frictional environment of the liquid. The strength of the
frictional force opposing ion transport is highly tied to the
solvation of ions by the surrounding fluid medium.

The most widely employed theoretical treatment of the
frictional coefficient is to set it as a constant proportional to the
segmental relaxation time scale of the material, 7,.'"*"**
However, this approach fails to account for the complex
specific interactions and dynamics involved. Ion motion
through polymer materials does not proceed as straightforward
diffusion in a liquid, but instead involves an interplay of
intrachain transport, interchain hopping, and codiffusion of
segments and ions.”” ">’ The dynamic bond percolation or
more general dynamically disordered hopping models are

https://doi.org/10.1021/acspolymersau.2c00024
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models that include consider these discrete transport
processes;>~~° these models consider ion hopping on dynamic
lattices, where microscopic transport occurs through local
hopping of ions on a lattice and through “renewal” events in
which the lattice rearranges. Although these models do not
contain molecular information, they demonstrate the impor-
tance of inter- and intrachain hopping events in ion transport.
Molecular dynamics simulations have also provided informa-
tion about the various ion transport mechanisms in polymer
electrolytes, again finding that often multiple types of hopping
events with different time scales are necessary to describe the
ion dynamics of linear polymer electrolytes including inter- and
intrachain hopping events as well as cluster-assisted dynam-
ics.”*7~*! Other hybrid approaches have provided additional
theoretical backing to the complexities of determining the
frictional forces applied by the electrolyte in various classes of
polymer electrolyte’®*”. Notably the number of relevant
nanoscale processes further increases when the polymer is
inhomogeneous or nonlinear.*> Another complication arises
from the complex free energy landscape experienced by ions.**
The solvation of ions by the polymer not only impacts the
thermodynamic equilibrium of ion dissociation but also can
contribute frictional resistance to ion motion, e.g.,, when ions
are tightly solvated by a polymer the effective friction is
enhanced and ion motion suppressed.***®

Although a comprehensive picture of the frictional resistance
to ion motion in polymer electrolytes involves multiple
relaxation time scales and chemical specificity, an ad hoc
description of the diffusive behavior based on a single
relaxation time has been remarkably successful in characteriz-
ing the dynamics of most polymer systems. This “Walden
perspective” can be formulated for polymeric systems by
arguing that the frictional force scales with the segmental
relaxation time scale of the material, Ta,14’27’28 leading to the
relation y ~ 7,,'. Data from Balsara and co-workers shows the
remarkable ability of this expression to explain trends in the
ionic conductivity of PEO with LiTFSI salt through direct
measurements of the monomeric friction factor by quasi-elastic
neutron scattering.47 Further, researchers have utilized
dielectric spectroscopy™® and rheological measurements™ to
quantify 7,, finding that these measured values of 7, can
describe the frictional environment of the electrolyte, even at
high ionic strengths. Additionally, many authors do not have
access or knowledge of these techniques and instead employ
analysis of their conductivity trends based on the glass
transition temperature (Tg) of the polymer as techniques to
measure T, are generally more widely available. Even this
rather crude analysis of rescaling ionic conductivity by T-T,
provides a basic means to parametrize the effect of ion
dynamics and can be interpreted crudely within a Walden
framework as we describe below.”*’

Due to the coupling of ion mobility and 7,, theories of glassy
dynamics in polymers can be used to model conductivity
trends in SPEs. Although the glass transition is not precisely
understood in polymers, the semiphenomenological Williams-
Landau-Ferry (or equivalent Vogel—Tamman—Fulcher) equa-
tion (eq 5) can be modified to model ion dynamics. Eq §
describes the temperature-dependent dynamics of 7, for a glass
forming fluid or polymer. By substituting this expression for
mobility into eq 4, we obtain eq 6, which provides a
proportionality expression for the molar ionic conductivity
(A, A = 6/cyy) as a function of temperature. This may be
calibrated using the ionic conductivity of a dilute reference
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system to obtain values for A, which depends on the salt
identity and relates to the frictional coeflicient exerted by the
medium. Although this simple treatment of the friction
coefficient imposed by the electrolyte is not rigorous for
many electrolytes (as discussed above), this analysis can be
used as an idealized reference. Although this elegant means of
relating the temperature-dependent ion dynamics to the glass
transition is established, it is commonplace within the field of
SPEs to instead treat all constants within the WLF equation as
totally phenomenological, thus omitting any possibility to
make a fundamental connection between the polymer
dynamics and the glass transition.

-1 —C T-T,)/Cy+T-T,
oo~ =1(T=T) X 10 WX/ Gt T, (5)
A= o _ fA[T(l(T — Tg)]—l X 10C1g><(T—1;)/C2g+T—1;
Cealt
(6)

The coupling of ion dynamics to the glass transition presents
a conundrum for designers of amorphous SPEs. Typically,
molar conductivities on the order of ~1 S cm?/mol are
required to provide a viable replacement to liquid electrolytes.
Consequently, a segmental relaxation time of 7, ~ 107 s is
required, suggesting that idealized liquid transport of SPEs can
only provide sufficient ionic conductivities at temperatures
~90 °C above their glass transition temperatures (if typical
values of C;; = 17.44 and C,, = 51.6 K are used). Although it is
possible to design sufficiently low-Tg polymers to achieve this
temperature window, balancing the low T, as well as other
requirements of an electrolyte presents a major challenge,
particularly since mechanical robustness is generally a major
justification for choosing a polymer over a liquid electrolyte.
Furthermore, the idealized liquid transport mechanism
generally results in poor selectivity for ions of interest relative
to other ions in the system.

The selectivity of the electrolyte in the fully dissociated limit
is a consequence of the unequal diffusion of the cations and
anions of the system. The cation transport number, t,, is
computed according to the self-diffusion coefficients of all
mobile ionic species/clusters in the electrolyte (shown in eq 7
for the simplified equilibrium of eq 2). Although eq 7 is subject
to the same approximations as the previous expression and has
the same limitations as a descriptor for a real system, this
expression demonstrates the principle that selectivity is difficult
to attain in an idealized liquid transport mechanism since both
7' ~ p, and 7' ~ p_, suggesting limited dependence of
selectivity on the design of the electrolyte. Balsara and co-
workers also observe significant challenges imparting selectivity
in polymer electrolytes, where an increase in selectivity across
many electrolytes is accompanied by a dramatic reduction in
conductivity." These challenges further motivate the design of
systems where jon dynamics and segmental dynamics are
decoupled since alternative modes of conduction (such as
those displayed in inorganic electrolytes) typically display
much greater selectivity for cations of interest.

; Iz Jrlz/,gr
* IerIZ,uJr + 1z Pu (7)

Standard strategies toward improving SPE conductivity
primarily rely either on improving the solubility of salts within

https://doi.org/10.1021/acspolymersau.2c00024
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the electrolyte (increasing &cy,,) or increasing the mobility of
salts by reducing the glass transition temperature of the
electrolyte. Linear poly(ethylene oxide) (PEO) has become a
model polymer host for lithium conduction as the coordination
of ether-oxygens with lithium has been shown to yield high
solubilities of lithium salts such as lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) or lithium hexa-
fluorophosphate (LiPFs) and the relatively low T, of the
polymer promotes ion mobility via the idealized liquid
conduction mechanism.”*® These properties have made PEO
the most highly studied SPE host despite its relatively poor
mechanical and selectivity properties. Although PEO is a
semicrystalline polymer, its conductivity in the amorphous
state is of primary relevance for most applications since the
ionic conductivity in this state is typically much higher than
below the melting temperature,Sl"’2 except in exceptional
cases.”” Many detailed reports have investigated the transport
mechanism for this polymer,*”>*>* finding it to mainly display
idealized liquid transport at low salt compositions and above
its melting temperature.

Although amorphous PEO is known to generally follow an
idealized liquid mechanism, several factors can result nonideal
conductivity trends. This suggests that conductivity in these
systems may also depend on solvation site dynamics and
percolation. For example, Hawker and co-workers studied the
impact of PEO-based materials with linear and cyclic ether side
chains, finding that the ionic conductivity of the linear and
cyclic polyethers were similar despite significant differences
between the glass transition temperatures of these two
polymers.”® Similarly, work by Patel and co-workers has
experimentally and theoretically studied side-chain polyethers;
they found that ionic conductivity differences between linear
and side-chain polyethers of differing lengths are not explained
by differences in segmental mobility of the system.””” The
conductivity trends of these systems were attributed to
differences in solvation site connectivity and the dynamics of
these sites, which were found to differ depending on the
distance of the chelating groups from the backbone.

Attempts to improve the performance of PEO primarily
focus on reducing its crystallinity, further reducing the T, and
improving its salt solvation ability. The crystallinity of PEO can
be reduced by designing nonlinear architectures,**%~*
addition of additives that inhibit crystallization,””™®" cross-
linking,>~* and usin% copolymerization to reduce the
ordering of the PEO.>°® Small molecule additives can play
various roles including as plasticizers”’ ™ and dielectri-
7071 In general, PEO is poorly selective (¢, < 0.2), and
the addition of anion traps can modestly increase selec-
tively.”>~"> A variety of other amorphous hosts based on other
coordinating groups have also been reported; however, none of
these candidates reliably surpass the benchmarks set by
PEO.’””° Indeed, it appears in most cases that as conductivity
is increased, selectivity is sacrificed resulting in a practical
upper bound in performance.’

cizers.

While our discussion of SPE conductivity up to this point has
focused on the idealized liquid mechanism of transport, where
ion transport is coupled to fluid relaxation, some materials
display relatively fast transport of ions despite having slow
relaxation dynamics. Diverse materials ranging from carefully
designed ceramics’’ to ice at extreme pressure and temper-
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ature conditions’®”” can display high decoupling of ion

transport from their matrix motion. Mechanisms for charge
transport in these solid systems do not involve translational
diffusive motion of the electrolyte since the atomic coordinates
of crystalline or amorphous ceramics are strongly confined by
steep energy wells, yet hi%h ionic conductivities above 107> S/
cm have been reported.”” So-called superionic transport in
inorganic electrolytes relies upon immobile percolated path-
ways of free volume, allowing ions to opportunistically hop
along a pathway of sites comprising vacancies, interstitials, or
voids at rates that can exceed those attainable in simple or
polymeric fluids. Moreover, the fixed nature of the sites enables
great size-based selectivity of ion transport in these electrolytes
(often approaching t, = 1 for lithium salt systems).*>"'

Ion transport decoupled from matrix motion has been
demonstrated in many ceramic materials, which are often
crystalline in nature, and yet, display ionic conductivities on
par with simple fluids. Extensive work detailing the design of
these materials is already published,**™*" so here we
summarize some key findings from this field that may be
applicable to SPEs. First, it is known that a percolating network
of free volume sites must be present to promote sufficiently
rapid ionic motion. In these cases, the energy to hop between
sites is often conceptualized to follow an Arrhenius-type
process where energy for an ion jump process in isolation is
controlled by factors such as the local free volume and the
interactions between the ion and the matrix. These two
features require that the equilibrium packing of the electrolyte
be loosely spaced to accommodate the mobile ion and that the
chemical properties of the matrix are sufficiently labile such
that ions can dissociate from their local interactions to allow
for fast hopping rates. This resembles the solvation strength
trade-offs which can be present in SPEs and prevent the
activated hopping of ions between sites in these materials.
Another relevant feature is the collective nature of motions in
these types of materials (Figure 3, adapted from ref 89). It has
been shown that a significant amount of the transport is due to
‘stringlike motions’ where the presence of nearby ions can
lower the energy barrier for ion transport in these materials.
This type of mechanism can only occur at sufficiently high ion
loadings, and ion concentrations in these materials typically
exceed levels seen in polymer or liquid electrolytes.

Another crucial design principle is the requirement of
mobility within superionic crystals. In both inorganic glasses”
and crystalline inorganic solids,”’ crankshaft-like motions of
the matrix are crucial in driving the motion of lithium; this
effect is often called the “paddlewheel” effect.”””" These types
of microscopic motion typically consist of rotation and
vibrational modes and thus do not truly correspond to
rearrangement of the crystal but nonetheless can set temper-
ature floors for operation of ceramic crystals and devices.
These motions arise below the melting temperature of the
material; phenomenologically it has been observed that they
can arise at T ~ 2/3T,,"> Although ion transport is often still
temperature-dependent in these electrolytes, phonon-assisted
transport in rigid ceramics is typically much less temperature
sensitive than in glass-forming liquids, allowing excellent ion
transport performance over a range of temperatures.

Another remarkable aspect of ceramic ion conductors is
their near-universal high selectivity for ions of interest in many
applications. Indeed, in lithium-conducting ceramics the
transport number of lithium often approaches unity, suggesting
almost complete exclusion of counterion motion.”” This is

https://doi.org/10.1021/acspolymersau.2c00024
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Figure 3. Transport pathways in superionic ceramics can be
dominated by cooperative hopping events. In the case of a discrete
ion (pink), the ion experiences a larger energy barrier for hopping
than in the case of the cooperative event (green) where the
correlation of the ion motions results in a lower overall energy barrier
that these ions must overcome. Reprinted with permission under a
Creative Commons CC BY License from ref 89. Copyright 2017
Nature Publishing Group.

attained based on the precise size-selectivity of these structures.
Since alkali metal ions such as lithium are typically much
smaller than their counterions, the size selective nature of these
structures can prevent counterion motion altogether, leading to
t, approaching unity.

Although the design principles of ceramic materials are
inarguably different than SPEs, some design principles from
such systems are likely to be maintained. The free-volume
pathway for ion motion is likely to be a necessary design
feature of either class of material. This free volume pathway
can be realized in ordered crystalline solids, fragile glasses, or
through nanoscale ordering of soft materials. Additionally, it is
seen that ion—ion correlations between mobile ions can play a
positive role in promoting the concerted motions of ions. This
type of motion is likely to be rarely implemented in organic
polymeric electrolytes since common ion loadings are too low;
however, in systems like polymer-in-salt electrolytes these
concerted motions may play a larger role. Finally, the ion
solvation of SPEs can be a great concern. Attaining high salt
loadings is crucial to leverage superionic effects, but it can be
challenging to simultaneously impart high solubility while
maintaining labile electrolyte-ion interactions.'®”*

Although the assignment of transport mechanism to material
class is trivial in some cases, for instance, in fluids well above
their melting or glass transition temperature, an idealized liquid
mechanism is almost universally responsible for transport,
some materials such as polymers represent a more complicated
case where the dominant mechanism of transport may be
system-dependent and nonintuitive. Walden plot analy-

! 27,2894 . .
sis is a tool used to evaluate the transport mechanism.
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This construct evaluates the transport rate in comparison to
the measured rate of fluid relaxation, allowing comparison
between experimental results and a ideal liquid Stokes—
Einstein perspective of transport. The shape of the curve in the
Walden construction can assist in identifying the transport
mechanism and can reveal the role of ion aggregation, making
it a useful experimental tool for practical analysis of ion
transport; however, due to its simplified nature, it should be
employed along with theory and structural characterization,
particularly for complicated materials.

Walden plot analysis compares the average mobility of the
ionic species within an electrolyte to the anticipated ionic
mobility based on the idealized liquid transport mechanism.

. . 14,27,28,94
Figure 4 shows a representative Walden plot, "“~“>"" where
fFTr 1T 1T T T T 1T 1T 1 T T T 17T
2
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Figure 4. This figure shows a representative Walden plot where the
red dashed line shows the Walden prediction line applicable to most
ideal liquid electrolytes. The blue line is a fluid with partial ion
aggregation resulting in suppressed ionic conductivity. The green line
is superionic material with decoupled transport. The yellow line is a
superionic material with partial ion aggregation, and the purple line
represents a material undergoing a crystallization transition. The slope
“m” < 1 represents decoupling of matrix dynamics and ion transport.

the red line indicates the Walden prediction that is dictated by
the scaling relation A ~ 7, and the absolute magnitude of the
line is calibrated based on the conductivity of an ideal dilute
solution. This line is typical of a simple fluid with & = 1
(complete salt dissociation) and represents complete coupling
of segmental motion of the polymer matrix to ionic transport.
This line is the Walden prediction, and it separates the region
of subionic (slower than ideal liquid transport rates) and
superionic behavior (faster than ideal liquid transport rates).
Agreement between measured data and the Walden relation
may indicate systems that proceed ideally by the idealized
liquid transport mechanism and with full dissociation of ions.
This behavior is typical in dilute solutions of salts in small
molecule fluids and in polyether electrolytes at low salt
concentrations, though it is known that ion transport behavior
in polyethers actually can be more complex than this simplified
picture.

Departures from ideal Walden behavior may be highly
informative in indicating the transport physics of a system. One
common source of departure from this line may come from
incomplete ion dissociation, i.e., £ < 17. This case is highlighted
by the blue line and commonly arises in ionic liquids or
concentrated electrolytes. The line still is parallel to the
Walden line with A ~ 7,'; however, the ionic conductivity is
reduced compared to this line due to a fraction of
electrochemically inactive, charge-neutral species. In simple
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fluids, this deviation can often be described by the Haven ratio
(H), which is defined as the ratio of tracer diffusion (D,) to
charge diffusion (D,) (H = D,/D,), where D, is frequently
determined from solid-state NMR measurements.”” This
quantity may reflect effects of ion-pairing, ion cluster
formation, and other charge—charge correlations. Additional
information regarding ion correlations can be gleaned from
NMR measurements of the electrophoretic ion mobilities;”®
however, relatively few studies have been published to date.

Departures from ideal Walden behavior may also indicate a
nonideal transport mechanism. The green line represents
another strong deviation from the Walden line typical of
superionic ceramics and certain inorganic glasses. The value of
this “m” parameter is called the decoupling index and often
ranges from zero to unity, where m values approaching zero
represent complete decoupling of ionic transport from matrix
motion, and a decoupling exponent of unity represents
completely coupled ion and matrix motion. Voronel®® has
shown that m values for typical fluids fall from 0.8 to 1,
suggesting only slight decoupling of ion and matrix transport.
Values of m can also exceed unity in some rare cases. This may
arise from a thermodynamic phase change such as seen during
the crystallization of PEO (represented by the purple curve). It
is also reported in some inhomogeneous fluids with multiple
time scales for dynamics, where the origin of m > 1 appears to
arise due to dispersed “vacancy regions” that display faster
dynamics than the surrounding fluid, leading to a breakdown
of the fractional Stokes—Einstein relationship.””~”’ In some
cases, both effects of incomplete salt dissociation and
breakdown of Stokes—Einstein dynamics may occur,
resulting in behavior where both superionic and subionic
behavior occur in the same system as represented by the yellow
line. Additionally, thermodynamic transitions such as crystal-
lization can impact the ion conduction mechanism. The purple
line is representative of PEO, which typically follows the
Walden relation above T, but becomes subionic upon
crystallization.

Utilizing the Walden plot requires accurate measurement of
both the molar conductivity of the ions in the electrolyte as
well as 7,. Most frequently the ionic conductivity determined
from dielectric spectroscopy is used along with the known ion
concentration to determine the molar conductivity, although
this can lead to complications in cases of incomplete ion
dissociation since a portion of the ions will not contribute to
the measured ionic conductivity. This may be corrected by
renormalizing the conductivity to reflect the concentration of
dissociated ions in cases where the ion dissociation extent can
be determined. Alternatively, it is possible to utilize direct
measurements of ion diffusion coefficients from NMR-based
measurements.'®"' % In this case, the Nernst—Einstein relation
may be used to convert the Walden prediction to a prediction
of diffusivity. Although the framing of the Walden relation is
classically formulated as a prediction of the molar conductivity,
it may be more fundamentally useful to frame this relation in
terms of a diffusivity axis or to renormalize based on the
fraction of dissociated ions.'”’

The determination of the segmental time requires grappling
with the complex nature of fluid relaxation, especially near the
glass transition temperature. Experimentally the segmental
relaxation may be determined via a variety of means including
scatterin§ techniques,””'*~'% broadband dielectric spectros-
copy,23’] 6 rheology,zo’]06 and NMR;'*”'% however, these
techniques are specialized and are often not reported for SPEs.
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In a recent review, Sokolov proposes that the experimentally
measured glass transition temperature,” which is much more
standardized in its measurement, may provide a crude means
to estimate glassy dynamics in the literature using the relation
7,(T = Tgcalorimemc) ~ 100 s. This expression provides a single
point to compare dynamics; however, polymers cannot be
placed on a Walden plot using this information unless the
variation of dynamics with temperature is known. Extrap-
olation based on the “universal” form of the WLF equation is
in principle a means to tackle this issue. However, such an
approach suffers from difficulties in fitting the universal
function.'”” Computationally, the measurement of glassy
dynamics also comes with its own challenges. While atomistic
molecular dynamics simulations can access picosecond to
microsecond relaxation phenomena, this time scale range is
still insufficient to capture matrix dynamics relevant for the
calorimetric glass transition, which involves geologically
relevant time scales.”®''® Furthermore, glass formation
behavior is dynamically heterogeneous, wherein the relaxation
is highly spatially dependent. This dynamic heterogeneity may
cause additional issues when collecting particle-by-particle
statistics as a larger ensemble of particles may be necessary to
capture the average behavior.

A limited but growing number of polymeric systems have been
demonstrated to have deviation from liquidlike transport, some
with superionic transport akin to ceramics, as described below.

Crystalline zwitterionic (ZI) compounds with bulky and
diffuse ion groups show great promise as solid-state ion
conductors due to their charge neutrality, excellent dielectric
properties, and unique self-assembly behaviors. ZIs are
comprised of an anion and cation that are connected by a
short tether, typically an alkyl spacer 3—4 carbons long. Due to
this covalent ion attachment, ZIs are charge-neutral molecules
with extreme values of the dielectric constant, dielectric
constants as high as 270 have been reported in the amorphous
state.''" These properties make for useful ion transport hosts
as the charge-neutral ZI will not migrate in an electric field but
can act as a highly polar background to promote ion transport
of ions when blended with salt.''"''? Indeed, the excellent
dielectric properties of ZIs promote ultrahigh salt solubilities
without ion gair formation, even up to equimolar salt/ZI
loadings."'""'"” Furthermore, ZIs display a broad range of
ordering motifs (e.g, fluid, liquid crystal, and crystal) due to
the strong intermolecular interactions among the charged
groups. Interestingly, zwitterions display significantly more
ordering than their ionic liquid counterparts even when they
are comprised of the same ionic components, with significantly
wider windows of stability for the crystalline phase and higher
melting temperatures.

Some polymeric zwitterions display superionic transport of
ions without the disadvantages of purely polycrystalline
electrolytes such as poor contact with electrodes,"'* brittleness
and cracking,“s’“ and limited chemical/electrochemical
stability against a metal anode or high-energy cathode''’.
Semicrystalline materials can mitigate some of these disadvan-
tages; for instance, they display superior contact with
electrodes via amorphous domains (which can mitigate the
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Figure S. (A) ZI polymers (red, green, and yellow) and ZI-small molecule (blue) that were studied as Li* electrolytes in our previous work. (B) A
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behavior of the ZI polymers."'® ZI Polymer behavior is nearly competitive with superionic ceramic materials in terms of decoupling from the ideal
liquid conduction mechanism (inspired by Sokolov and co-workers’”). (C) Analysis of ZI polymer conductivity and selectivity performance
surpasses a phenomenological “upper-bound” for SPE performance as proposed by Balsara and co-workers' (colors of the points correspond to the
zwitterionic structures in panel (A), uncolored points are literature data from Balsara and co-workers). Adapted with permission from ref 119.
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presence of a resistive electrode—electrolyte boundary).
Additionally, they can display superior mechanical properties
and processability since the amorphous portion gives ductility,
and the crystalline portions provide rigidity against deforma-
tion. The advantages of semicrystalline electrolytes are
discussed in greater detail by Mauro and co-workers."'® Our
recent work studied a ZI (Figure SA), and ZIs tethered to
linear polymer chains such that the cation of the zwitterion was
connected to each monomer.""”'*” We used Walden plot
analysis to show that these polymers displayed transport
behavior strongly decoupled from the segmental relaxation
behavior (Figure SB), similar to a solid silver iodide/silver
phosphate glass. This decoupling suggests a structural motif
that enables superionic behavior. The polymers were analyzed
by calorimetry and X-ray scattering and found to be
semicrystalline, possessing structural similarity between the
polymeric zwitterion (PZI) and the equivalent crystalline ZI.
We believe that a similar hopping-type transport mechanism
may be present in both the polymeric and nonpolymeric
versions of this zwitterion, accounting for the observed
superionic transport behavior. This transport mechanism
leads to an excellent balance of conductivity and selectivity
when analyzed against literature results compiled by Balsara
and co-workers' (Figure 5C).

The excellent performance of polymeric zwitterions as solid
and Li" selective hosts for ion transport has inspired further
investigation of these compounds. Both small-molecule and
polymeric ZIs surpass a phenomenological upper-bound
proposed by Balsara and co-workers' when analyzed in terms
of their selectivity and transport properties. This suggests the
excellent promise of these semicrystalline electrolytes as ion
transport materials. In recent work, we have further elucidated
structure—property relationships for these materials, finding
that the bulkiness (ion volume) of the tethered ions closely
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correlates with the ionic conductivity of the electrolyte. This is
consistent with common notions in ionic liquid literature
which suggests that more diffuse ions often display more labile
ion—ion interactions and faster ion transport. This suggests
that both the nanoscale ordering of the zwitterion as well as the
strength of zwitterion-salt interactions are crucial in promoting
efficient ion transport in ZI materials. In the proceeding text
we further review work on ZI electrolyte materials, focusing on
recent work that characterizes the simpler case of small-
molecule ZIs.

As in ceramic materials, the structure of ZIs is hypothesized
to intimately relate to their ion transport properties and
mechanism, suggesting the importance of understanding
zwitterion phase behavior. Though ZIs and ionic liquids are
composed of the same ions, distinct differences arise in the
phase behavior of ZIs due to the tethered nature of these ions.
For instance, while imidazolium and sulfonamide ions
constitute some of the most common room temperature IL’s
such l-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide (T,, = —16 °C), when they
are joined together by a relatively short tether, they form a ZI
with a relatively high melting point (T,, = 131 °C'*"). The
structure of ZI/salt blends is particularly important in
electrolyte applications as the addition of salt is required to
generate charge carriers for the electrolyte. Ohno has observed
that the addition of equimolar salt to a crystalline ZI results in
the disappearance of a crystalline melting peak and the
appearance of a glass transition when analyzed in calorim-
etry,'”' suggesting an amorphous structure of ZI/salt blends at
high salt loadings. This is studied in greater detail by Pringle
and co-workers, who have found crystalline phases at both the
high and low salt concentration extrema and a liquid phase at
intermediate composition.'””> We have investigated the
composition-dependent phase behavior of zwitterion-salt
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Figure 6. A)The three regimes of zwitterion behavior that seem apparent include (I) a zwitterionic crystal regime (II) a liquid consisting of
zwitterion and salt, and (III) a salt crystal regime. (B) Pringle and co-workers measured the calorimetry of a zwitterion/salt blend.'*” Based on their
measurements, a preliminary phase diagram can be prepared; this diagram has coexistence regimes at both extrema and a large liquid window in the
center of the phase diagram. (C) Blends of a zwitterion consisting of IL-like ion pairs is found to display solidlike behavior at low salt
concentrations indicated by sharp Bragg peaks. Then at intermediate salt loadings, the Bragg peaks give way to liquidlike structuring with an jon—
ion correlation peak (q,) and a liquidlike packing peak (q;). At higher salt loadings, the presence of a third peak q, that likely corresponds to salt

aggregates emerges.

mixtures, suggesting eutectic-like behavior at intermediate
compositions that is heavily dependent upon both the
structure of the zwitterion and the added salt identity, with
bulkier salts generally being more disruptive to the
crystallization of the zwitterionic electrolyte. Zwitterion/salt
blends studied in the literature appear to universally behave as
eutectic mixtures with three major structural motifs: (Figure
6A) (I) a zwitterion-rich crystalline regime that exists at low
salt concentrations, (II) a disordered liquid regime that exists
at intermediate concentrations of salt and zwitterion, and (III)
a salt-rich crystalline phase that contains some zwitterion. In
the following, we will discuss the structure and ion conduction
properties within each regime.

At low concentrations of salt, the ZI retains its crystalline
nature and displaying nonideal transport properties. Pringle
and co-workers studied a pyrrolidiunium/boron trifluoride ZI
(Figure 6B inset structure) in the presence of lithium/TFSI
salt. They found (Figure 6B) a T,, (indicating motif I) and a T,
(indicating motif II) at 10 mol % salt loading. This suggests a
coexistence of ZI crystals (motif I) with a disordered fluid
(motif II) that is present at appreciable salt concentrations.
Similarly, we studied the structure of blends of Li/TFSI salt
and ZIs comprised of ethyl-imidazolium/TFSI ion pairs with a
propyl spacer between the ions (Figure 6C). We also found
that 10 wt % salt blends maintain Bragg reflections that
coincide with the Bragg reflections of the pure crystal, again
suggesting coexistence of crystal (motif I) and liquid regions
(motif II). Another universal feature of both blends is the
reduction of the melting temperature as salt is added. Pringle
and co-workers observe a T, reduction of ~40 °C at 10% salt
where we see a similar reduction of about 60 °C at a similar
salt composition. This reduction is typical of eutectic mixtures
and is commonly observed in metallurgical systems where it
can suggest the formation of “alloys” where two components
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are cocrystallized together into one structure. More work is
required to understand the thermodynamics of zwitterions and
whether similar alloys can form, as this alloying may have
profound implications on the ionic transport of these
structures. The melting temperature of these ZI/salt blends
may also play an important role. While low melting
temperatures can be associated with faster ion transport as
implied by the Tamman rule, which suggests a coupling
between transport and T, within a crystal, melting within the
operational window of the electrolyte can cause issues such as
electrolyte leakage or fracture of the electrodes on recrystal-
lization. These issues may lead to reduced utility of these ZI/
salt blends over their semicrystalline polymer counterparts.
ZI/salt blends in motif I closely resemble superionic
ceramics wherein zwitterionic crystallites may promote long-
range transport of ionic species through a hopping mechanism.
We have investigated the ionic conductivity of zwitterions with
a smaller composition of salt added to the electrolyte such that
the structure of the zwitterion remains dominated by
crystallites. Despite the crystalline nature of the resulting
electrolyte, there is significant ionic conductivity consistent
with superionic transport. We find that a significant portion of
the ionic conductivity can be attributed to lithium motion with
a calculated lithium selectivity of 0.73. Similarly, the ZIs
studied by Pringle and co-workers also displayed significant
lithium conductivity despite their crystalline nature. They also
observe mobility of both Li and TFSI; however, they see
significantly reduced selectivity for lithium (¢, = 0.29, though
this still exceeds the selectivity of many electrolytes). Ohno
also found a range of selectivity for similar crystal-forming
zwitterions doped with lithium salts, ranging from ~0.2 to
0.56. These wide variations in selectivity are not currently well
understood; however, they are likely highly dependent on the
association strength between the mobile ions and the
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zwitterionic matrix. These discrepant values of selectivity may
also be partially explained by the experimental difficulties of
accurately determining the selectivity; Balsara and co-workers
have demonstrated these challenges.'

At higher salt loadings, only a T, is seen, suggesting a glass-
forming fluid (motif II) with distinct conduction and
mechanical properties from the zwitterionic crystal (motif I).
The behavior of ZI displaying structural motif II has been
extensively characterized by Ohno who primarily studied
nearly equimolar blends of ZI/salt in a wide variety of
zwitterion and salt identities."'>"*"'** Ohno typically found
that these blends displayed a T, that is relatively insensitive to
salt loading but may vary significantly based on salt and ZI
identity. Pringle and co-workers'*” (Figure 6B) found that
motif II is present across the salt concentration region of 20 to
70 mol % with coexistence of motif I+II at 10 mol % salt and
coexistence of motifs II+III at 80—90 mol %. We (Figure 6C)
also found similar behavior in blends of ZI/LiTESI through X-
ray scattering studies. Motif II is evident in our X-ray scattering
data from the disappearance of ordered, Bragg-like reflections
and their replacement with broad, liquidlike peaks. We show
that multiple characteristic length scales exist in motif II
(Figure 6C): two correlation length scales of g, ~ 7 A and g,
~ 4.5 A correspond to the packing of the disordered
electrolyte. These two separate correlation peaks may arise
from large differences in ion diameters, leading to slight
ordering within the liquid phase, though more investigation is
required to understand the liquidlike packing of these
materials. At higher salt concentrations, we find that another
larger correlation length scale arises at q; ~ 20 A, which
resembles the “ionomer peak” that emerges at high salt
loadings of ions in organic polymer matrices. The emergence
of this peak at high salt loadings suggests that similar
amorphous salt-rich regions (ionic aggregates) form in the
electrolyte; however, the salt concentration before aggregation
is much higher than typical for ionomers (<3—10 mol %
depending on the backbone identity),'>"** likely because the
dielectric contrast between zwitterion and salt is significantly
reduced compared to zwitterion/organic polymer blends.

It is anticipated that when disordered, these ZI materials will
display liquidlike mechanical and transport properties. This
appears to be mostly true; however, some gaps in our
understanding of conduction in this region remain. Ohno and
co-workers have extensively investi%ated the ionic conductivity
of these disordered electrolytes.'>'*"'** They find that
conductivity roughly follows a WLF-like trend and appears
to collapse based on glass transition temperatures across
various zwitterions. These observations suggest that local ion
dynamics play a critical role in promoting ionic conductivity.
Future work investigating the Walden-plot behavior of these
materials may be useful in determining the transport
mechanism of these electrolytes. Further, despite being low
molecular weight fluids above their glass transition temper-
atures, these materials display tremendous rigidity that
approaches glassy behavior. The origin of this rigidity is not
yet understood, but it may also have implications for their
application as solid electrolytes.

At high salt concentrations, the zwitterion composition is
small and the structure is dominated by the added salt,
resulting in transport behavior that is likely dominated by
regimes of motif II. This situation resembles polymer-in-salt
electrolytes or high concentrations of salts in ILs where the
majority of the electrolyte is comprised of crystalline salts with
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small disordered regions with very high carrier concentrations.
Pringle observes the coexistence of motifs II+III at salt
compositions ranging from 80 to 90 mol %. Although we do
not observe this region for our blends of ZI/LiTESI, we do see
a wide region of this behavior for other salts such as NaCl and
LiCl. Ion transport in the coexistence region of motifs II+III is
likely to resemble transport of salt and ionic liquid blends at
high salt concentrations, though no studies have sufficiently
probed this region. Pringle observed that the conductivity in
this high salt region can also be quite high, though the
transport mechanism and selectivity are not currently known in
this region. We believe that these solid electrolytes could be
fruitful ion transport hosts and we suggest that this area
requires additional study.

Ordering of zwitterions also occurs at a longer length scale
in zwitterions that contain a significant nonpolar fraction such
as alkyl tails. This ordering has been shown to have useful
properties for promoting proton mobility; however, the
relevance of these channels for other carrier ions is yet
unknown. ZIs comprised of a highly polar headgroup and
nonpolar tail can assemble into thermodynamically favored
states that display order over the 1—3 nm length scale.'*>~"*’
The structure resembles those seen in ionic liquids with
hydrophobic tails, where a variety of liquid crystalline (smectic,
nematic, etc.) and long-range ordered (micellar, cubic,
hexagonal, and gyroidal) structures are observed at character-
istic length scales of ~10 nm. Ordered morphologies such as
double-gyroid and aligned cylinder mesostructures may
provide conduction pathways for ions, allowing ion motion
even as fluidlike relaxation of the electrolyte is arrested.'*>"'*”
These ion-carrying pathways may be capable of promoting
superionic conduction. To our knowledge, there have not been
any attempts to leverage a similar mechanism for the transport
of larger ions than protons, but this could potentially provide
an alternative mechanism for superionic transport in
zwitterions by engineering larger length scale voids.

Packing frustration, especially the frustrated packing of rigid
polymers, can also promote decoupled transport by imparting
free volume through which ions can opportunistically hop.
This has already been well appreciated in membrane gas
transport applications; work from the Freeman group'”® and
others'” has shown that glassy polymers with very high
fractional free volume exhibit exceptionally high permeabilities.
In these materials, transport occurs through a static percolated
network of free volume sites, enabling diffusion without the
need for rearrangement of the membrane. Sokolov and co-
workers have demonstrated that similar concepts apply in ion
conducting polymers."** They have shown that the fragility (a
measure of packing frustration defined as

fragility = [ 0(011: 51’;) ]T T) inversely correlates with the coupling
T8

exponent m (see section 1.4 for the definition of m). This
relationship suggests that materials with greater extents of
packing frustration may exhibit significant decoupling of ion
transport from the liquid relaxation of the electrolyte. This may
be rationalized by considering the free volume of fragile
polymers, where more fragile, packing frustrated chains are
unable to efficiently pack, leaving significant unstructured free
volume in the material. Although frustrated, fragile chains are
typically less able to create free volume for ion motion via a
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relaxation mechanism, and the static free volume in these
systems can be sufficient to enable hopping-like transport of
ions as illustrated in Figure 7B. While demonstrated ionic
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Figure 7. (A) Sokolov and co-workers studied a variety of SPE hosts
and found a positive correlation between the decoupling exponent (m,
where m is defined in Section 1.4 to be the slope of the Walden-plot
curve) and polymer fragility. This suggests that more packing-
frustrated materials display less coupling between conductivity and
segmental motion. (B) The free volume channels of an electrolyte
provide a network of vacancies through which ions can opportunisti-
cally hop. Data from Sokolov and co-workers."*

conductivities in these glassy systems are still modest, they
have the potential for both high performance and less
temperature-sensitivity than idealized liquid electrolytes.

While designing for ion diffusion through intrinsically
porous polymers offers a promising means to impart superionic
transport, one outstanding challenge arises from the limited
solubility of dissociated ions in many packing-frustrated
polymers. For instance it has been shown that while semirigid
styrene-derived polymer electrolytes have very high decoupling
(m ~ 0.67°7), they do not demonstrate superionic conductivity
under most conditions. This is due to poor salt solubility which
reduces the concentration of charge carriers (low values of &).
Many such rigid polymer electrolytes indeed show evidence of
decoupling; however, this decoupling often only results in
superionic transport when the ion concentration is renormal-
ized by the extent of ion dissociation. Nonetheless, packing
frustration presents an excellent opportunity to generate SPEs
with high conductivity and rigidity, providing these solubility
limitations can be overcome. Several authors report rigid SPEs
that have attained conductivities suitable for applications based
on this principle, demonstrating the potential promise of this
approach.””'~"** This suggests a connection between materials
that may superionically transport ions and materials developed
for gas transport as both require free volume domains that
percolate over large length scales. The well-developed
literature in these areas could be used to further inspire
materials design in these SPEs."*>'*° We suggest that future
studies should investigate whether the free volume sites in
materials such as poly(benzimidazoles)'”” or polyimides
containing hard pentiptycene segments'>® can produce similar
decoupling and whether salt solvation can be achieved in these
materials.

Although the ideal liquid mechanism of conductivity requires
dynamical creation of free volume elements to generate a
pathway for ion transport and ordering is typically associated
with reduced mobility within electrolytes, proper arrangement
of ion solvation sites and free volume can lead to high ionic
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conductivity. In particular, the constrained nature of diffusion
in channels, the highly correlated nature of charge transport,
and the prevention of ion backflow in channels may all lead to
improved performance in materials with nanoscale structure.**
Furthermore, transport in constrained channels can lead to
selectivity rules that are sensitive to ion size. This provides an
opportunity to improve selectivity for alkali metal ions since
these ions are typically smaller than their counterions.
Theoretical models suggest that ion channels can improve
ion dynamics by concentrating ion motion along one-
dimensional pathways given low free energy barriers and
percolated paths for ion diffusion.** A variety of experimental
approaches have been developed to generate ion transport
pathways in electrolytes.

2.3.1. Co-crystalline Structures of Salts and lons Can
Provide lon Transport Pathways. Although PEO conven-
tionally displays its highest conductivity in the amorphous
state; even this canonical electrolyte can display fast ion
transport rates in a carefully er}gineered crystalline state.
Reports by Bruce and co-workers®”'*” indicate that systems
comprised of low-molecular weight PEO and salts (LiXFq
where X = P, As, Sb, or LiClO,) can cocrystallize to generate
well-defined ionic channels whereby the ether oxygens of PEO
wrap around lithium ions in tubelike formations with the
anions excluded from these channels. These structures are
confirmed with X-ray crystallography of the polymer-salt
complexes, finding that well-defined Bragg reflections corre-
sponding to the tubelike structure can be attained.
Furthermore, they demonstrate appreciable ionic conductivity
of these crystallites, despite the evident arrested segmental
motion of the polymers. It is further shown that the ionic
conductivity of this electrolyte even exceeds the conductivity of
the equivalent amorphous-phase PEO, demonstrating the
efficacy of this method to generate mechanically robust
SPEs. A further advantage of these electrolytes is their
excellent selectivity. Since the ion channels of the electrolyte
effectively exclude anion motion, there is no free path for anion
motion, resulting in excellent selectivity for lithium. Bruce and
co-workers confirm this observation by NMR measurements,
finding no evidence of anion mobility, corresponding to t, = 1.

Similar to this polymeric case, some reports indicate that
crystalline complexes of salt and small organic molecules may
also promote fast, selective transport of ions though
crystallites.'** For example, complexes of lithium bis-
(trifluoromethanesulfonimide) with dimethoxybenzene
groups,141 boron-containing molecules with glyme side
chains,'** and diamines'" crystallize to form compounds
with lithium and its counterion included in the crystal structure
of the resulting electrolyte. These cocrystals display long-range
transport pathways that conduct ions in the absence of
structural rearrangement. These complexes have been shown
to attain moderately high ionic conductivities ~10™> S/cm at
60 °C despite being totally crystalline. Recent work from
Schaefer and co-workers has demonstrated a similar principle
in single-ion conducting electrolytes consisting of sulfonamide
ions with alkyl spacer tails. These electrolytes demonstrate
crystalline order through scattering and calorimetric analysis.
Despite this nature they display fast ion transport exceeding 1
mS/cm at elevated temperatures. Although the authors do not
characterize the selectivity of the electrolyte, they suggest that
it may approach unity based on the molecular structure of the
electrolyte.'**
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Figure 8. (A) Structural analysis of a liquid crystal/polymer adduct indicates chain packing where the anionic liquid crystalline moieties
preferentially pack near the polymer backbones to form layered sheets. (B) The proton conductivity of this liquid crystal adduct shows alignment
dependence, suggesting the importance of a nonhomogeneous transport mechanism. Reprinted with permission from ref 146. Copyright 2017

Elsevier.

2.3.2. Liquid Crystals and Liquid Crystalline Polymers
Can Arrange to Create lon Channels. Liquid crystalline
(LC) moieties offer an excellent opportunity to simultaneously
promote order and high conductivity, due to the structured
nature of the mesogenic units and packing frustration from the
rigid nature of these moieties. The simplest examples are
nematic or smectic mesophases formed by rigid rodlike small
molecules. However, bicontinuous cubic structures with high
degrees of percolation for ion transport can be accessed
through many design choices including lengths of alkyl linkers
or tails, placement and strength of ionic or polar functionality,
and selection of solvent or polymer environment.'”>'** For
practical application in electrochemical devices, LCs exhibit the
most useful nanostructures when they are imbedded in SPE
systems. Here we focus on the ion conductive properties of
polymers that are structured by small molecule LC additives
and side chain liquid crystalline polymers.

Ionic interactions between LC additives and SPEs result in
ionophilic channels capable of promoting ion conduction
without relaxation of the polymer chain. In one manifestation,
ionophilic head groups of LCs align near polymer backbones
creating a 1D-layered structure that 8promotes conductivity
when the layers are well-aligned."**™"** For example, Yang et
al."*” observed the formation of ionic nanochannels through
complexation of biphenyl benzoate-based pyridinium cationic
stiff mesogens (Figure 8A inset) and the anionic functionalities
of poly(styrenesulfonate) (Figure 8A). Evidence of a hopping
mechanism through the nanochannels is obtained from both
the relatively high conductivity of protons through the system
at the polymer T, (139 °C) and the increase in conductivity
when channels were aligned (Figure 8B). Interestingly, these
authors find that a change in the scaling of conductivity with
temperature in the unaligned system occurs at ~190C, which is
coincident with the observed transition from nematic (Cr) to
smectic (S,), further emphasizing the importance of the
alignment of these channels.

This approach has primarily been applied to proton
conductors; however, application to metal ion conduction
has also been demonstrated. For example, mixtures of PEO
with the LC salt sodium tetracyanoquinodimethane has been
reported to have a sodium ion conductivity above 3 mS/cm at
room temperature, much higher than PEO under the same
conditions,"*” even when prepared in the amorphous state.
Similar to the protic cases, the conductivity of the film shows
alignment-dependent conductivity, suggesting that the perco-
lation of nanochannels plays a crucial role in ion transport
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performance. In another approach, polymeric LCs drive the
nanostructural formation of ionic liquid crystalline grains
leveraged between rigid-rod polyamide chains.'>’ This
lyotropic LC assembly of the polyamide effectively templates
the formation of a percolated nanocrystalline network. Lithium
ions were shown to migrate via a hopping mechanism through
defect structures in the alloy.

Another approach is to utilize polymer-bound liquid-
crystalline moieties to organize ionophilic domains capable
of transporting ions. Wright and co-workers have studied
polymers comprised of polyether backbone chains with
regularly spaced alkyl side chains pendant to the back-
bone."*”"**"5* The alkyl side chains of these materials can
cocrystallize inter- and intramolecularly with other side chains
within the electrolyte, resulting in nonconductive alkyl
crystallites with ethylene oxide chains located at the crystal
periphery. Although these electrolytes are very rigid due to
their high crystallinities, they exhibit high ionic conductivities
up to 107> S/cm. Ion transport is hypothesized to occur
through the two-dimensional interface layers, rather than
through the crystallites. The highly anisotropic conductivity
(107 S/cm along ion channels and <107 perpendicular to
the channels) of the aligned electrolyte confirms this
conductivity mechanism. A similar mechanism and approach
was employed by McHattie et al,'**”'*° who studied
polyethers with regularly spaced mesogenic groups which
align in a similar fashion to the alkyl chains employed by
Wright and co-workers."””"**">® These materials also display
highly anisotropic conduction that occurs at fast rates in spite
of the frozen structure of the electrolyte, displaying no
significant change in conductivity, below the T, of the
polymer. These authors hypothesize that the ion transport in
these electrolytes is also highly selective; however, we are not
aware of any measurements of selectivity for these systems.

2.3.3. lon Transport Pathways Created by lonic
Aggregation. While ionic aggregation of the mobile cations
is deleterious to conduction in conventional liquids, ionic
aggregation of the charged components of the SPE can lead to
nanostructured channels that conduct ions without relaxation
of the bulk material. The mechanism of ion transport depends
strongly on the morphology and percolated nature of the
aggregates which are in turn impacted by factors such as
polymer architecture, ion diameters, and polymer and ion
chemistries. Molecular dynamics simulations suggest that
extended stringlike aggregates that percolate through the
material "'’ may eliminate the need for ions to hop
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Figure 9. (A) Winey and co-workers used condensation polymerization to prepare materials with precise spacing between ionic groups. (B) Small-
angle X-ray scattering experiments reveal the presence of layered, gyroidal, and hexagonally close-packed morphologies. The wide-angle
experiments show crystallinity of the polyethylene chains at low temperature. (C) The ionic conductivity was measured on a heating-cooling cycle
of this electrolyte. The ionic conductivity increases significantly during the transition between layered structures and gyroidal structures. At higher
temperatures, the transition between gyroid and hexagonally close packed cylinders results in a reduction in the ionic conducitivity. The same trend
is seen upon cooling. Adapted from ref 164. Copyright 2020 American Chemical Society.

between ion clusters and instead promote high conductivity if
the clusters present a locally dynamic environment for ion
movement. Partial decoupling of ion transport from the
segmental dynamics of the nonpolar domains of the SPE is
possible under these conditions. Though transport within
clusters may be subject to similar transport constraints such as
correlated ion motions and low selectivity for cations of
interest, simulations suggest that ion transport in confinement
may be improved compared to bulk liquid motion. This may
offer a means to tune transport in confined environments.
While significant effort has been expended to characterize the
structure and interconnectedness within aggregates, fast and
effective transport requires both percolation and rapid local
dynamics within aggregates, which is also challenging to attain.

This mechanism of intra-aggregate transport has led to
concerted efforts to generate percolated aggregate shapes and
higher ionic conductivities. One strategy to generate percolated
structures has focused on the nature of the ion attachment. It
has been shown that “ionenes” (polymers with the ion
included in the backbone rather than being tethered to it)
display faster Tglnormallzed ion transport than their ionomer
counterparts.'>'*® Studies have also demonstrated that these
ionenes result in more percolated ionic structures.”” Ton
aggregation is also intimately tied to the dielectric constant of
the electrolyte; however, joint experimental-simulation studies
have shown that the dielectric constant, while impacting the
extent of ion aggregation, has a limited impact on the rate of
ion transport as long as the aggregates are percolated through
the electrolyte."”

Tuning the structure of aggregates to generate highly
percolated structures greatly enhance the degree of decoupled
transport in these electrolytes. SPEs consisting of ionic groups
separated a precise distance by a nonpolar alkyl chain (Figure
9A)'**~'°” have been studied by Winey and co-workers. The
combination of high polarity contrast and the regular ion
spacing of these materials results in ordered packings of ionic
domains that can conduct dissociated ions. Winey and co-
workers have similarly demonstrated a variety of morphologies,
including layered, hexagonal, and gyroid structures (Figure
9B). They found that these materials exhibit morphology-
dependent ionic conductivity trends (Figure 9C), consistent

as

with the described mechanism whereby ionic conductivity
depends on the connectivity of the ion-transporting channels.
Similarly, Abbott and co-workers demonstrated with molecular
dynamics simulations that well-defined side-chain polymers
could self-assemble into precise ionic layer structures.'** Their
results were experimentally validated in collaboration with
McCloskey and co-workers who generated poly(allyl glycidyl
ether)-based materials with well-defined ionic layer struc-
tures.'*® Although these aggregates are structurally percolated,
they do not display intra-aggregate ion transport due to the
rigid nature of the ionic aggregates in the system.

The ion aggregates formed in such systems can be locally
fluid, amorphous solids, or crystalline. In most systems
demonstrating high ionic conductivity, the aggregates are
fluidlike. However, conceptually it is possible for a SPE to
support high conductivity if the ion aggregates are amorphous
solids or crystals with sufficient free volume, vacancies, or
interstitial sites to enable rapid ion motion. The nature of the
aggregates can also be influenced by the addition of plasticizing
molecules or polymers that retain the shape of the aggregate
while enabling faster fluidlike transport. For instance Paren et
al.'® recently reported on styrene-based lithium single-ion
conductors that strongly aggregate. Although the aggregates in
this system are expected to structurally percolate, the transport
through the ion channels in the absence of plasticizer is slow
due to strong ion-polymer interactions and collapsed ion
channels; however, the addition of plasticizing, low molecular
weight PEO broadens the ion channels and allows for greater
ion dissociation. In this case, the plasticizer acts to change the
transport rate through the ion channels while disrupting their
structure. Similarly, the transport through ion channels in
layered electrolytes consisting of a PEO backbone with alkyl
side-chains could be improved by greater than 2 orders of
magnitude when blended with polar polymers'’>'”" or
plasticizers,'”> which effectively swelled the ionic channels
and increased their fluidity. This suggests that effective design
of ion channels must effectively consider the connectivity of
channels as well as the mobility in these channels, which relates
to their size as well as the energy barrier for activated transport
within these channels.
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The motion of large and multivalent ions is of increasing
technological interest as new battery chemistries such as those
based on Mg“,173 Zn*,'"* and AP*'7° emerge as possible
sustainable, low-cost, more abundant, and safe alternatives to
lithium-ion battery cells. One challenge for such battery
chemistries is the low mobility of multivalent ions in traditional
electrolytes;'”® even liquid electrolytes generally have low
mobilities for such cations. Although multivalent ions are
generally less reactive and may be inherently safer, the need for
ion conductors that are selective for cation motion is pressing
in these materials due to the large interfacial polarization
effects that plague multivalent cation cells in the literature. As
in lithium, it may be advantageous to decouple the transport of
multivalent ions from the mobility of the matrix. However,
nearly all the focus so far on this activity has been on lithium or
sodium ions. Two clear challenges facing transport of
multivalent ions are their large size and strong interactions
with the matrix.

The size of multivalent ions is especially relevant because
many mechanisms to decouple ion transport from segmental
mobility rely on creating void spaces large enough for ionic
hopping. The size of such voids would need to be considerably
larger to promote superionic motion of multivalent ions.
Nonetheless, this challenge is not insurmountable as superionic
transport of Mg?*'”’~"”” has already been reported in ceramic
materials. Frustrated chain packing may be useful in
conducting large ions since this approach generates a range
of void sizes that can be exploited, instead of the structured
and discrete voids generated by other approaches. Another
possible approach to creating channels for superionic
conduction of large ions could be in generating cocrystalline
structures of ions and matrix molecules. It is known that larger
cations can coordinate with cyclic crown ethers,'®* which may
present an opportunity to generate nanochannels inspired by
the work of Bruce and co-workers."*”

Even in the presence of an appropriate transport pathway,
the motion of multivalent ions through an electrolyte can be
limited if matrix-ion interactions are strong. Size-selectivity
approaches (such as those mentioned in Section 2) are less
effective with larger multivalent ions. Indeed, in amorphous
PEO, the strong coordination between the ether oxygens and
magnesium results in low selectivity (f, < 0.1) for magnesium
ions,""1%2 Consequently, tuning ion-matrix interactions may
be even more crucial in the design of multivalent ion
conductors, focusing on labile interactions to promote facile
hopping between solvation sites. It could also be useful to
include labile solvating compounds in such electrolytes such as
the replacement of ethers with thioethers, or using bulky ionic-
liquid inspired ions to improve mobility within ionic
aggregates.

Although most studies in the literature simply measure the
ionic conductivity and the selectivity of an electrolyte, a real
electrolyte must support high cell current by promoting high
fluxes of redox active ions and allowing for interfacial reactions
with the electrode to occur. As such, high ionic conductivity is
insufficient to ensure satisfactory performance of a battery or
electrochemical device. Here we focus on the failure of an

electrolyte to withstand the electrochemical environment and
limitations at the electrode—electrolyte interface.

For the ionic conductivity to be representative of the flux of
a resistor, the resistor must be Ohmic in the range of interest."
Ohm’s law will typically fail when an electrolyte experiences a
chemical degradation as a function of the applied voltage that
impacts the transport properties of the electrolyte. As such,
potential electrolytes should be studied for their voltage
stability in tandem with their ionic conductivity."**'** Stability
in the presence of lithium metal should be demonstrated early
on in the development of these new classes of material, since
failing to focus on stability at an early stage in development of
battery materials has consistently failed to deliver truly robust
and long-lasting components. Both bulk and interfacial
investigations of electrolyte stability in the presence of lithium
and under thermal and voltage stresses should be evaluated
early on in evaluation of materials.

Although ion transport is essential to the performance of
electrochemical cells, the redox-active species must also
undergo electrochemical reactions for the cell to function. In
liquid electrolytes, the solvated material is electrochemically
available for reactions that lead to current within the cell
However, issues at the interface are common, especially in rigid
superionic ceramics that may experience poor interfacial
contact or hindered electroactivity at the interface due to the
strong binding of lithium to the interface.'® This issue can
also arise in block copolymer electrolytes where the redox
active species is concentrated within the conducting block
domains of the electrolyte, leading to reduced utilization of the
electrode interface for reactions."*® Many of the SPE systems
described in this perspective have never been investigated in a
complete working cell. As such, fundamental transport
measurements, bulk and interfacial stability investigations,
and extended testing in full electrochemical cells will all be
required to implement emerging SPEs into real devices.

This perspective provides a critical examination of the ideal
liquid transport mechanism in SPEs, which is a widely held
view of how ions move in such systems, finding that
application of this principle broadly across polymers
insufficiently describes the diverse transport mechanisms at
play. The decoupling between ion transport and polymer
segmental mobility is practically useful, reducing the temper-
ature dependence of ionic conductivity, which is critical to
electrochemical device operation over a broad temperature
range, and allowing independent tuning of mechanical and ion
transport properties. Several strategies were reviewed to
promote the ion-matrix decoupling. Generally, we find three
features are required for decoupling: (1) an inhomogeneity
that allows for ion motion distinct from segmental motion,
such inhomogeneities can be disordered and arise from
packing frustration or highly ordered, resulting from
crystallization or self-assembly; (2) labile ion-matrix inter-
actions to promote activated transport between sites; and (3)
facile small-length scale motion within channels created by the
inhomogeneity, e.g., the paddlewheel effect observed in
superionic ceramic materials.
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