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ABSTRACT: Solid polymer electrolytes have yet to achieve the
desired ionic conductivity (>1 mS/cm) near room temperature
required for many applications. This target implies the need to
reduce the effective energy barriers for ion transport in polymer
electrolytes to around 20 kJ/mol. In this work, we combine
information extracted from existing experimental results with
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theoretical calculations to provide insights into ion transport in [
single-ion conductors (SICs) with a focus on lithium ion SICs. |E_,
Through the analysis of temperature-dependent ionic conductivity |5_,,
data obtained from the literature, we evaluate different methods of |*_e00

extracting energy barriers for lithium transport. The traditional RERERET Fac/—CFs
Arrhenius fit to the temperature-dependent ionic conductivity data RIEMIENHISIE
indicates that the Meyer—Neldel rule holds for SICs. However, the

values of the fitting parameters remain unphysical. Our modified approach based on recent work (Macromolecules 2023, S6, 15,
6051), which incorporates a fixed pre-exponential factor, reveals that the energy barriers exhibit temperature dependence over a wide
range of temperatures. Using this approach, we identify anions leading to the energy barriers <30 kJ/mol, which include
trifluoromethane sulfonimide (TFSI), fluoromethane sulfonimide (FSI), and boron-based organic anions. In our efforts to design the
next generation of anions, which can exhibit the energy barriers <20 kJ/mol, we have performed density functional theory (DFT)
based calculations to connect the chemical structures of boron-based anions via the binding energy of cation (lithium)-anion pairs
with the experimentally derived effective energy barriers for ion hopping. Not only have we identified a correlation between the
binding energy and the energy barriers, but we also propose a strategy to design new boron-based anions by using the correlation.
This combined approach involving experiments and theoretical calculations is capable of facilitating the identification of promising
new anions, which can exhibit ionic conductivity >1 mS/cm near room temperature, thereby expediting the development of novel
superionic single-ion conducting polymer electrolytes.

H INTRODUCTION

The increasing global energy consumption and environmental
apprehension associated with fossil fuels necessitate the

tailored to different geometries and forms to fit various
applications.
Over the past decades, significant efforts have focused on

advancement of next-generation energy storage materials.
The prevalent use of flammable liquid electrolytes in current
lithium-ion batteries poses considerable safety risks."”
Consequently, substantial efforts have been invested in the
development of alternative electrolytes that not only enhance
safety but also improve overall device performance. Solid
polymer electrolytes (SPEs) have emerged as a potentially
safer and more robust solution to pressing energy issues. SPEs
eliminate the liquid medium common in commercial electro-
lytes, thereby addressing safety concerns associated with
leakage and flammability.”™® Moreover, the flexibility of
polymer electrolytes opens up opportunities for designing
and manufacturing novel devices that require energy storage
systems at different scales, as polymeric materials can be
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improving the ionic conductivity of SPEs using various
approaches, which includes modifying the morphology and
crystallinity of the polymer matrix, modifying the types of salt
used, adjusting the salt concentrations, adding nanostructured
fillers and plasticizers, etc.” "% In the pursuit of next-generation
electrochemical devices, the studies of single-ion conductors
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(SICs) have been pivotal.*"? Generally, SICs consist of a
mobile ion, such as Li", and a polymerized counterion, offering
unique properties that have the potential to overcome
limitations associated with traditional electrolyte materials.
For instance, while some dual ion conductors exhibit relatively
high ionic conductivity, the contributions from lithium ion
transport are relatively low as lithium tends to associate with
the polymers, thereby restricting its mobility in the polymer
matrix. Such imbalanced ion transport often leads to local
depletion of lithium, which significantly diminishes the
achievable capacity and cycling stability.'* While it is a
concern that immobilizing anions will almost certainly lead to a
decrease in ionic conductivity, single ion conductors are
considered a potential solution to alleviate the concentration
polarization phenomena in dual ion conductors, especially at
high current densities."*”'® Therefore, exploring the mecha-
nisms of ion transport can enable the design of novel SICs with
enhanced conductivity, a crucial step for developing more
durable energy storage applications.

The conventional principles of lithium ion-based SIC design
mainly focus on two aspects: (1) disassociation between the
cation and anion pairs, and (2) optimized lithium ion transport
across the polymer matrix. The first design principle involves
reducing electrostatic interactions between cations and anions,
typically achieved by introducing electron-withdrawing func-
tional groups near anions that delocalize negative charges.'”"®
Using polymers with high dielectric constants has also been
theoretically proven to accelerate the disassociation of the
cation—anion pairs to achieve improved conductivities.'”*’
The second strategy emphasizes facilitating lithium ion
“solvation” without impeding the transport. One way to
achieve this is to modify the polymer backbones to promote
fast segmental dynamics, e.g., lowering the glass transition
temperature (Tg).21'22 An alternative approach is to incorpo-
rate additives such as plasticizers or other neutral polymers to
reduce the degree of crystallinity, thereby increasing the
polymer segmental mobility.”>~>> This enables the balanced
dissolution and migration of lithium ion in the background
polymer matrix. Another way is to promote decoupling of
lithium ion transport from the polymer matrix dynamics.
Meanwhile, the mobility of anions should also be constrained
to ensure the maximum conductivity contribution from the
cations. The most common way is to bind the anions to the
polymer backbone, so that the motions of anions are highly
correlated to the polymer matrix, thereby slowing down the
migration of anions.' "

Despite the fruitful results obtained by following the
aforementioned empirical basis, a definitive systematic
conclusion regarding microscopic ion transport mechanisms
remains elusive based on existing results. The conductivities of
most SICs remain significantly below the target of 1 mS/cm
under ambient conditions, therefore impeding the large-scale
application of SICs in practical scenarios. Although a
substantial amount of high-quality data is available in the
literature, limited effort has been made to thoroughly extract
and analyze the information, resulting in a lack of fundamental
understanding of enhanced ion transport in SICs. It is intuitive
to consider browsing through the experimental results in the
vast literature and establishing a database that provides all the
useful information for a more comprehensive and efficient data
analysis. Creating such a database is indeed labor-intensive, as
it relies mostly on manual extraction and requires specific
expertise to assess the credibility of the information. A recent
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initiative by Schauser et al. represents a commendable step
forward.”® They have compiled a relatively comprehensive and
reliable database focusing on Li-conducting polymers, with
accessible visualization tools for easy comparison among
different families of molecules. This contribution stands out
as a valuable resource for the polymer electrolyte community,
addressing the scarcity of exhaustive databases and providing a
foundation for further research in the field.

In this work, we integrate the SIC data sets from the
database distributed by ref 26, along with some of the more
recent experimental results, to present a comprehensive
analysis of ionic conductivity data. The main purpose is to
provide insights into the design rationale of SICs using ion
transport energy barriers as a guiding principle. We compare
the results of different methods for extractin§ energy barriers,
including the traditional Arrhenius-type fit"**” and alternative
effective energy barriers that vary with temperature.”® We then
focus on the investigation of a specific class of boron-based
single-ion lithium conducting polymers reported in the
literature.”” We perform density functional theory (DFT)
calculations to estimate the binding energy between Li* and
the boron-containing anions. This allows us to relate
observations at the macroscopic level to electron—scale
properties. We subsequently propose a series of new boron-
based SICs based on the existing ones and calculate their
binding energies using DFT. We also predict the effective
energy barriers of these new molecules based on the
correlations obtained from the previous step. We anticipate
that the data science approach used in this work can be
extended to other polymer electrolyte systems, thereby
expediting the design and discovery of advanced electrolyte
materials for current and future technologies.

B METHODS

Extracting Energy Barriers for lon Hopping from Exper-
imental Data. Traditionally, the energy barrier for ionic transport in
glassy materials can be estimated by assuming Arrhenius behavior of
the conductivity””°

o(T) = o* exp[i]
kgT (1)
where ¢* is the pre-exponential factor, and E, is regarded as a
constant thermal activation energy barrier of ion transport near and
below T, This method has provided fruitful analysis in the past
decades but failed to interpret the conductivity data above T,. Instead,
the conductivity data above T, are fit to other correlations, including
the Vogel-Tamman—Fulcher (VTF) equation,”"*” the Williams—
Landel—Ferry (WLF) equation,®* and other empirical equa-
tions.”>*® However, the fitting parameters in these phenomenological
equations do not provide physical insights into the fundamental
mechanism of ion transport in polymeric systems, as shown below.
Alternatively, our recent work suggests that a temperature-
dependent energy barrier provides a more reasonable analysis of the
conductivity data.’® Instead of the conductivity relaxation time
analysis presented in ref 28, here we choose to directly analyze the
DC conductivity. We first write the conductivity of a SIC using the
Nernst—Einstein formalism®” >’

22 -l
o(T) = q°e"cDH (T)

kT )
where ¢ is the valency of the ion, e is the elementary charge, c is the
concentration of the ion, D is the diffusivity of the ion, H™'(T) is the
temperature dependent inverse Haven ratio,**" ky is the Boltzmann
constant, and T is the temperature. We can express the diffusivity
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Figure 1. (a) Traditional Arrhenius fit of SIC data collected from the literature using eq 1 by taking In ¢* and E, as fit parameters. (b) Meyer—
Neldel (MN) rule is shown to be valid for the fitted parameters, with an unphysical energy barrier predicted for achieving 1 mS/cm at room

temperature.

using the average distance and rate of ion hopping, and augment the
expression for ion diffusion over an energy barrier

_ 4(1)
6t(T) (3)
_ E*(T)
o(T) =1, exp[ T ] @

where 7(T) is the conductivity relaxation time, 7, is the characteristic
conductivity relaxation time, d(T) is the temperature-dependent
hopping distance for ion transport, and E*(T) is the effective energy
barrier that depends on temperature. We can then rewrite eq 2 as

_ (BY( DY (=ED),
o(T)—ao(T][ - ) xp[ - ]H (1)

©)

where we have defined a characteristic conductivity o, at a reference
temperature and hopping distance of T, and d, by

22 12
_qecdy

kT, 67, (6)

0o

For simplicity, we assume that the hopping distance does not vary
with temperature, i.e, d(T)/dy = 1, and H'(T) = 1. Therefore, we
can rearrange eq S5 and define an effective temperature dependent
energy barrier

E¥(T) = —kgT 1n["—§]

%olo

)

With a constant parameter estimated as

g e’edy _ q’é’cD,

6ky7, kg (8)

0Ty =
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To evaluate the constant prefactor, we can take T, to be ambient
condition of 300 K. The value of D, can be approximated using values
typical for gas diffusion through polymer membranes, ranging from
107* to 107 cm?/s.*" The concentration of ion ¢ varies between 1 and
10 nm ™ depending on the size of the ion. The corresponding values
for o, are expected to fall within the range of 0.62—62 S/cm. We can
then evaluate a reasonable range for the effective energy barriers, and
we will present more detailed results and discussions below.

Density Functional Theory Calculations. In this study, we use
Quantum ESPRESSO (QE) v6.3 to perform DFT calculations and
evaluate the lithium binding energies.”” A plane wave kinetic energy
cutoft of 100 Ry was consistently used, with an energy convergence
threshold for self-consistency set at 10° Ry. GBRV PBE ultrasoft*
pseudopotentials and the vdW-DF-C09** exchange—correlation
functional were applied, with a I' k-point grid for all simulations.
The specific electron configurations used in the pseudopotentials were
as follows:

Hydrogen (H): 1s'
Lithium (Li): [He] 2s'
Boron (B): [He] 2522p1
Carbon (C): [He] 2s%2p”
Oxygen (O): [He] 2s2p*
Fluorine (F): [He] 2s*2p°

Each anion was simulated after assigning an extra electron (a
negative net charge), while the Li* calculation was performed with
one electron removed. All computations were conducted in the gas
phase within a vacuum box to eliminate interactions arising from
periodic boundary conditions. We maintained a minimum separation
of 16 A between molecules to ensure complete isolation. Initial atomic
configurations are generated by translating SMILES representations
using the RDKit package,** an open-source cheminformatics toolkit.

The binding energy of an anion and lithium cation represents the
energy required to separate the two ions and move them to an infinite
distance apart. Mathematically, the binding energy (E,;,q) can be
expressed as

https://doi.org/10.1021/acs.chemmater.4c02432
Chem. Mater. 2024, 36, 11934—11946


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02432?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02432?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02432?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02432?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(a) (b) g
O OB A
] S%eveg o ¢
NG S ﬂ
.e_ - “H-5 ) 0o o oy, c\ﬁf;/jiﬁﬂ
4] 90004 P e Jo e T
s} & LiIBAMB-PETMP/GBL] P
o O LilLe ,
S {) PLBB(OGIyO6FiP) ﬁj
Qﬁ@e% A PFSILI/PEO °;;§~o Ko
-6 (O LiBOPPG1000 Y
Qe%%%% (©) ;
_7 4
0\ /O ~
T T T T /P\‘O((_HﬁHiO)nm
250 275 3.00 325 350 % 0 %

1000/T (1/K)

&

Figure 2. Selected results of Arrhenius energy barrier analysis. (a) The Arrhenius energy barriers of selected SIC with the lowest E,, including
lithium bis(allylmalonato)borate-pentaerythritol tetrakis(2-mercaptoacetate) (labeled as LiBAMB-PETMP/GBL, E, = 9.52 kJ/ mol),** lithium
borate ionic liquid (labeled as LiLg, E, = 15.35 kJ/mol),** polarizable methacrylic borate lithium salt (labeled as pLBB(OGlyO4FiP), E, = 16.15 kJ/

mol),” lithium poly(perfluoroalkylsulfonyl)imide/poly(ethylene oxide) blend(labeled as PESILi/PEO, E, =

21.31 kJ/mol),** and lithium

bis(oxalato)phosphate propylene glycol (labeled as LIBOPPG1000, E, = 36.11 kJ/ mol).*® The labels are taken from the original manuscripts for
easier reference. We summarize two categories of anions with one of the lowest fitted E.: (b) boron-containing SIC LiBAMB-PETMP/GBL
reported in ref 52; (c) phosphate-containing SIC LiBOPPG1000 reported in ref SS.

Eyng = E E — Eyy 9)
where E,_;,n_1; is the total energy of the combined anion and lithium
cation system; E, ..~ is the energy of the isolated anion; E;; is the
energy of the isolated lithium cation. A comparative analysis of
anion—Li binding energies using different reference systems was

conducted. See Figure S1 in Supporting Information for details.

anion—Li ~ anion”

B RESULTS AND DISCUSSION

Traditional Arrhenius Fit of Single-lon Conductor
Data. As a first step, we fit the collected conductivity data to
eq 1. Since the Arrhenius equation is valid near or below T, we
choose data sets with available T, information and only fit the
data points below T,. We also include some data sets if the
sum squared errors (SSEs) of the Arrhenius fits in the low-
temperature range are within a threshold value, i.e., the linear
relationship between log(c) and 1/T holds. We show in Figure
la the Arrhenius fit for a total of 82 distinctive samples. The
majority of activation energies fall between 50 and 200 kJ/mol
(see the abscissa of Figure 1b), which are comparable to the
reported values in the literature.

In Figure 1b, we plot the logarithm of ¢* against E,. All of
the data points fall on a single line, suggesting that the
activation energy and Arrhenius prefactor for these SIC
systems follow the Meyer—Neldel (MN) rule, also known as
the isokinetic relationship or compensation effect."**” The
MN rule postulates a linear relationship between the logarithm
of the exponential prefactor 6% and the thermal activation
energy E,

logloo* =aE, + b (10)
with a and b being fitting constants. The MN rule is expected
to hold true in systems with Arrhenius-type activation energies,
and has been observed in a number of single-component or
blend-based polymer electrolytes."**’

We use the obtained MN correlation to predict the energy
barrier that corresponds to a target conductivity at a specific
temperature. Based on the fitted parameters a and b (a = 0.145
mol/k] and b = —4.276 when we fit E, in unit of k]/mol and ¢*
in unit of S/cm), we estimate the activation energy E, to be —
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43.86 kJ/mol when aiming for a conductivity of 1 mS/cm at
300 K. This implies that achieving such conductivity is
theoretically feasible only when no energy barrier is present,
which is unphysical in real systems. Our analysis also shows
that the prefactors ¢* span an unexpectedly wide range of 40
orders of magnitude (see the ordinate of Figure 1b). The
characteristic 6 is directly related to ion hopping distance and
relaxation time. The ion hopping distance is typically on the
order of several angstroms,50 while the relaxation time
generally falls within the picosecond regime.”**" Indeed,
such variations in ion-conducting polymer materials cannot
plausibly result in such an enormous difference in o*.

In addition, we highlight several SIC samples with the lowest
values of E, in Figure 2. The data sets are taken from refs 29—
55 The Arrhenius plot of the SIC samples with the lowest E,
from each reference are presented in Figure 2a. We also draw
the chemical structures of the boron-containing and
phosphate-containing anions with low E, in Figure 2b,c,
respectively. Although the fitted E, values range from 10 to 36
kJ/mol, the majority of ionic conductivity measurements fall
well below 1 mS/cm. In particular, the phosphate-containing
SIC reported in ref 55 exhibits an E, of 36.11 kJ/mol, yet its
conductivity is as low as 1077 S/cm at room temperature. This
observation contradicts the statement that an energy barrier
around 30 kJ/mol is suitable for room-temperature applica-
tions." Therefore, the traditional Arrhenius approach of
extracting a constant activation energy may be constrained
and potentially misleading, and we need to seek more
innovative approaches to interpret the experimental data.

Extracting Temperature-Dependent Effective Energy
Barriers of Single-lon Conductors. An alternative way of
extracting an effective energy barrier is to fix 6,T in eq 7 to a
reasonable value, thereby estimating the impact of temperature
on the effective energy barrier for ion hopping. In this work, we
vary 6,T, between 185.97 and 18,597 S-K/cm based on our
previous estimates, and calculate the temperature-dependent
energy barriers shown in Figure 3. Note that this alternative
method applies to all available data sets, and is not limited to
data points near T,. We include a total of 142 samples in our

https://doi.org/10.1021/acs.chemmater.4c02432
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Figure 3. Temperature-dependent effective energy barriers E* for all
SIC data sets using eq 7. Note that in contrast to the restrictions in
the traditional Arrhenius fit, all collected data sets are included in this
analysis.

analysis. The error bars indicate the standard deviations when
00T, changes, and we only show the variations at the lowest
and highest temperatures of each sample for better visual-
ization. For all investigated samples, E* values appear in the
range of 20—110 kJ/mol, and fluctuate by +3.01% to +6.84%
when we sweep the values of 6,T). The values are significantly
lower than the constant numbers estimated using eq 1,
suggesting that the brute force Arrhenius fit could lead to
potential overestimation of the energy barriers. This
observation is in agreement with the conclusion of ref 28.
We also estimate the energy barrier for achieving 1 mS/cm at
300 K to be 23.56 + 2.45 kJ/mol. This estimate appears to be
more reasonable and satisfies the previously reported
assumption that the energy barrier should be around 20 to
30 kJ/mol for realistic applications at ambient temperature.*

It is worth noting that in our previous work (see ref 28), we
extracted the barrier from the experimentally measured time
for ionic rearrangements. In the current manuscript, we extract
the energy barriers from the temperature-dependent ionic
conductivity. Comparisons of the extracted barriers from the
ionic conductivity and the characteristic time for ionic
rearrangements for the polymers studied in ref 28 reveal
virtually no difference. This comparison provides a strong-
justification for extracting temperature-dependent energy
barriers using the Nernst—Einstein formalism. However, in
contrast to our previous work, the temperature dependence of
the extracted energy barriers includes the temperature
dependence of the inverse Haven ratio in addition to the
material properties like the dielectric constant and the density
of SIC.

We can rationalize the temperature dependency of E* using
the phenomenological Anderson and Stuart model that
provides a quantitative ana1y51s of the conduction energetics
in ion-conducting media.’® As suggested by the model, the
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activation energy can be divided into (a) the electrostatic
binding energy between the mobile ion and the fixed
counterion site in the background media, and (b) the elastic
energy required to create a large enough channel for ions to
pass through. As such, the activation energy can be calculated
as

page
) = ULy 4nGR(R, — Rp)?
e(R; + R) (11)

where ¢; and g, are the valency of the mobile ion and fixed
counterion, respectively, e is the elementary charge, f is the
“Madelung” constant that describes the charge neutralization
between the ion and its surroundings, R; and R, are the radii of
the mobile ion and the counterion, respectively, € is the
dielectric constant of the medium, G is the shear modulus of
the medium, and Ry, is the effective radius of the preexisting
doorway. The temperature dependency of the energy barrier
originates from either € in the Coulombic contribution or G in
the elastic energy contribution. Both parameters have been
experimentally proven to be temperature dependent.”® The
measured € and G provide good estimations of E* variations in
response to temperature for selected samples, which proves the
robustness of the new approach.

Figure 4a presents the effective energy barriers of selected
lithium-based SIC data sets. These samples exhibit effective
energy barriers less than 30 kJ/mol within the measured
temperature range. The data sets are taken from refs 29, 52, 54,
57 and S8, respectively. Only the data set with the lowest
effective energy barrier from each paper is included as a
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Figure 4. Selected results of extracted E*. (a) The effective energy
barriers of selected SIC samples that exhibit effective energy barriers
less than 30 kJ/mol within the measured temperature range, including
lithium bis(allylmalonato)borate-pentaerythritol tetrakis(2-mercap-
toacetate) (labeled as LiBAMB-PETMP/GBL, E* = 22.50 + 2.44
kJ/mol at 298 K and 24.24 + 2.97 kJ/mol at 362 K),” poly(ethylene-
co-acrylic lithium (fluoro sulfonyl)imide) (labeled as PEALIFSI, E* =
24.79 + 2.44 kJ/mol at 298 K and 24.94 + 2.87 kJ/mol at 353 K),’
lithium poly(perfluoroalkylsulfonyl)imide/poly(ethylene oxide) blend
(labeled as PFSILi/PEO, E* = §7.13 + 2.48 kJ/mol at 303 K and
25.89 + 3.21 kJ/mol at 393 K),** polarizable methacrylic borate
lithium salt (labeled as pLBB(OGIlyO¢FiP), E* = 27.75 + 2.35 kJ/mol
at 288 K and 27.95 + 3.00 kJ/mol at 368 K),” and lithium poly[(4-
styrenesulfonyl) (trifluoromethanesulfonyl)imide]/poly(ethylene
oxide) blend (labeled as LiPSTFSI/PEO, E* = 51.69 + 2.43 kJ/
mol at 298 K and 26.95 + 2.97 kJ/mol at 363 K).58 The labels are
taken from the original manuscripts for easier reference. We also
identified (b) the TESI-based SIC LiPSTESI/PEO with the lowest E*
reported in ref 58, and (c) the FSI-based SIC PEALIFSI with the
lowest E* reported in ref 57.
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representation of a class of materials. Based on the obtained
effective energy barriers, the structures of the TFSI- and FSI-
based anions with the lowest barriers are shown in Figure 4b,c,
respectively, and the boron-based anion with the lowest E* is
still the highly cross-linked molecule reported in ref 52 (see
Figure 2b).

It is noted that the temperature dependencies of E* for
boron-containing SICs (indicated by triangle and square
markers in Figure 4a) are relatively weak. By contrast, for
the TESI-based SICs, the variations of E* in temperature are
more pronounced, and there are apparent transition temper-
atures beyond which the E* curves become flatter. These
transition temperatures generally coincide with the glass
transition or crystallization temperatures, where polymer
dynamics undergo significant changes. Thus, it is reasonable
to hypothesize that the boron-containing molecules have a
stronger decoupling between polymer and ion dynamics.
Therefore, this class of materials could be a promising
electrolyte candidate for the next-generation energy storage
systems.

Unraveling the Origin of E* Using Density Functional
Theory Calculations. In this section, we aim to validate the
relationship between binding energy, as computed by DFT-
based calculations, and the effective energy barrier E* extracted
from experimental data for the purpose of designing new
organic anions with enhanced ionic conductivities at room
temperature. As indicated by eq 11, Coulombic interactions
predominantly govern the energy barriers for small ion
transport, and the elastic energy contribution becomes
negligible for these smaller ions. Given our focus on the
transport of small ions such as Li*, we hypothesize that the
effective energy barrier can be derived from the binding energy
obtained through theoretical calculations like DFT.

To streamline our study, we do not intend to compre-
hensively perform DFT calculations on all available molecules
from the literature due to the prohibitive computational costs.
Instead, we select a series of boron-containing molecules based
on our database analysis, because they are promising
candidates for next-generation SIC materials, and the
monomer sizes and the number of possible binding sites of
these SICs are suitable for DFT calculations within a feasible
computational time frame. The extracted E* values for these
SICs are presented separately in Figure S, with E* ranging
from 25 to 5SS kJ/mol. These boron-based molecules, as
referenced in ref 29, offer additional advantages due to their
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Figure S. Extracted E* of the boron-based SICs reported in ref 29.
The molecular structures are presented later in Figure 6.
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structural similarity (see Figure 6b for the molecular
structures) and performance variations, allowing us to extract
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Figure 6. (a) Results of DFT binding energy calculations for the eight
boron-based anions reported in ref 29, labeled as (a—h), at different
preoptimization binding sites, with each indicating a unique initial
configuration. The lines serve as a guide to the eye by connecting the
data points of the same anion and do not reflect any trend in the
change of Ey;,4. The details of binding sites and molecular structures
of molecules (a—h) are presented in panel (b).

patterns from experimental data. Such a data set enables us to
make connections between the chemical composition and the
associated energy barrier by constructing quantitative models.
Furthermore, we have designed a few novel molecules based
on the existing ones with the best performance, i.e., molecules
g and h presented in Figure S. These new molecules are
tailored with the following principles in mind: (1) incorpo-
ration of lithium-solvating groups to provide pathways for
lithium ion conduction, (2) inclusion of electron-withdrawing
groups to weaken the electrostatic interactions between lithium
ions and anions, and (3) maintaining the similarity in
molecular structures to the reported boron-containing
molecules for further E* prediction. We also consider the
synthetic accessibility when constructing these novel molecules
by accounting for possible reaction routes, the steric hindrance
of the pendant groups, commercially available chemicals for
synthesis, etc. The developed model based on experimental
data can then be used to give reasonable estimates of E* for
these novel molecules. This strategic approach allows us to
explore and identify potential improvements in the perform-
ance of this type of SIC materials.

Density Functional Theory-Based Computation of
Representative Binding Energies. Due to the high
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computational cost of DFT calculations, which scales cubically
with the system size,”” the boron-containing anions are
represented as monomers in the binding energy calculations.
Additionally, all potential binding sites are tested in the
calculations. DFT-optimized structures reveal that oxygen
atoms, due to their high electronegativity, typically serve as
primary binding sites of lithium ions. To accurately capture the
representative binding energy for each boron-based anion,
individual oxygen sites are considered as starting points, and
the 3D structures are generated using the RDKit package.*
We then perform geometry optimization from each initial
condition to obtain the lowest-energy configurations for
binding energy calculations.

We calculated the binding energies of Li* with 16 boron-
based anions, including the eight anions investigated
experimentally in ref 29, labeled as a to h, and another eight
novel SICs proposed in this work, labeled as A to H. The
calculated binding energies E,; 4 are presented in Figure 6a for
molecules a to h, and in Figure 7a for molecules A to H. The
corresponding monomer structures and preoptimization bind-
ing sites are provided in Figures 6b and 7b, respectively.

Our results reveal substantial variations among different
oxygen binding sites. However, some consistent trends are
observed based on chemical structure. The strongest binding
typically occurs near the three oxygen sites close to the boron
atom (sites 1, 2, and 3), potentially trapping Li* and impeding
its conduction. In contrast, two key factors contribute to
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Figure 7. (a) Results of DFT binding energy calculations for the eight
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weaker binding, which accounts for the enhancement in ionic
conductivity. First, SICs with more than five binding sites on
the side chain exhibit weaker binding. These longer tails can
potentially block strong binding sites near the boron atom,
further promoting the mobility of lithium ions. This is justified
in both the experimentally studied SICs (g and h) and
proposed novel SICs (A, D, E, G, and H), as these SICs exhibit
weaker Ey; 4, typically above —300 kJ/mol. In addition, oxygen
atoms within the ethylene oxide (EO) groups play a more
prominent role in reducing energy barriers compared to
oxygen atoms in other functional groups like carbonyl groups,
as suggested by the relatively stronger Ey;,q (~—500 kJ/mol) in
molecule f than other molecules with EO containing side
chains. Second, comparisons between available SICs b and d,
and novel SICs B and D, E and F, C and H, indicate that —CF;
end groups on side chains tend to result in weaker E, 4. Thus,
the presence of electron-withdrawing—CF; groups also appears
to weaken binding energies.

Notably, the calculated binding energies do not quantita-
tively agree with the E* extracted from the experimental data,
and the values are not on the same order of magnitude. We
propose the following reasons for this discrepancy. First, DFT
calculations are performed at 0 K, whereas we compared the
obtained binding energies to the effective energy barriers at
298 K, which is lowest temperature of the available data sets.
Second, due to the high computational cost of DFT
calculations, all results are obtained for binding energy
between Li* and a negatively charged monomer structure.
Thus, the effect of polymer chain length and more complex
conformations cannot be easily inferred from our calculations.
Last but not least, DFT calculations are performed in a
vacuum, while the dielectric properties of the polymer media
can be significantly different and are not taken into
consideration. In fact, the values of E* are 1 order of
magnitude smaller than the absolute values of binding energies
from DFT calculations, suggesting a dielectric constant around
10 of the polymeric material, which is a fairly reasonable
estimation for a wide range of polymers used in SIC
systems.””"®® Therefore, the results obtained from DFT
calculations can qualitatively explain the variations in E* due
to the changes in chemical structures.

Designing New Anions by Constructing Correlations
between Binding Energies and Effective Energy
Barriers. For the purpose of designing new anions with
superior ionic conductivity, we aim to establish a correlation
between the E; 4 derived from DFT calculations, and the E*
extracted from the experimental data. The complex energy
landscape, characterized by the large fluctuation among
different binding sites, necessitates a comprehensive approach
to determine representative binding energies. To better
capture the characteristics of the binding energies, we consider
the following four key features: (1) the minimum binding
energy Epiy represents the strongest binding energy, indicating
the sites where lithium ions are most likely to be trapped; (2)
the maximum binding energy Ep.j denotes the weakest
binding energy, suggesting the most favorable sites for lithium
ion transport; (3) the mean binding energy Epicy reflects the
average interaction strength between Li* and binding sites
across all configurations; and (4) the sample standard
deviation E{%; quantifies the variability in binding energies,
providing insight into the heterogeneity of binding sites. These
features collectively characterize the potential binding

min

scenarios within each SIC. Ej1y and Epiy delineate the range
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Figure 8. Comparison of two predictive models with different feature sets for SICs studied in ref 29. (a) Model trained using Epiny, Epig, and Epiesy,
with x-values showing experimental E* and y-values indicating model-predicted barriers; (b) enhanced model incorporating Eftd | besides the
previous three features; (c) predictions using the model shown in panel (a); (d) predictions using the model shown in panel (b). The red bars
denote the proposed novel SICs, and blue bars represent the existing ones. The predicted E* values for novel SICs are tabulated in Tables S1 and

S2 in the Supporting Information.

of binding strengths, while ER% and Efioy offers additional
information about the statistics of the calculated Ey; 4.

To explore the correlation between binding energy and
effective energy barrier, we apply Lasso regression,”* which can
effectively perform feature selection when handling multiple
variables, to fit models that take the aforementioned binding
energy features as input and output the predicted energy
barrier. The binding energy-derived features are calculated
using the E;4 of the reported SICs (a—h), and are used for
model training. The constructed models are then applied to
predict the E* for the proposed novel SICs.

Here we evaluate two different feature sets, as illustrated in
Figure 8a,b. The first model, trained with Efiry, Ep2, and Epey
(Figure 8a), achieve a coefficient of determination (R*) of
0.841 and a mean squared error (MSE) of 9.753,
approximately 5% of the effective energy barrier. This model
successfully captures the behavior of SICs with EO motifs (g
and h), which exhibit the lowest energy barriers and
exceptional lithium ionic conductivity. With the regularization
parameter 4 set to 0.5, the feature importance values for Egpny,
ER= and EP" are 0.006424, 0.073815, and 0.072500,
respectively. These results highlight the importance of weak
binding (Ep%) for energy barrier prediction, as indicated by
the highest weight. This is closely followed by the Efjoy" input
feature. Ey;y is important because it provides a comprehensive
view of the binding energy landscape, indicating whether the
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overall tendency is toward weaker or stronger binding
interactions.

Incorporating Eid; as a fourth feature provides a slightly
more accurate fit to the whole training set (see Figure 8b),
yielding an R* of 0.924 and an MSE of 4.655. This model
demonstrates better differentiation among various motifs:
alkoxide (a, b, ¢), fluoroalkoxide (d, e), and additional
incorporation of lithium solvating EO groups (g, h). With A
equals to 0.5, the feature importance values for gy, Epay,
ERen and Efd, are 0.042436, 0.244786, 0.015784, and
0.383172, respectively. These results again validate the
importance of weak binding, and also highlights the
importance of binding energy distribution. However, incorpo-
rating Efd, may limit the generalizability (see Figure S2 in the
Supporting Information for detailed analysis), as Ej's, is pretty
sensitive to the binding site samplings.

The proposed models can then be used as a predictive tool
to evaluate the proposed novel SICs. We apply both models to
predict the performance of novel SICs, with results presented
in Figure 8c,d. Both models consistently indicate that SICs G,
D, and H are likely to exhibit low E*, identifying them as
promising candidates for excellent lithium ion conductors.
These predictions are also consistent with our DFT binding
energy analysis, which suggests that long molecular tails and
—CF; electron-withdrawing groups are key structural features
promoting efficient lithium conduction. In terms of numerical
estimates, our evaluation of model performance suggests that
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the first model provides more reliable predictions (see the
leave-one-out cross-validation (LOOCV) results presented in
the Supporting Information), as it demonstrates greater
resistance to overfitting and stronger capability of generalizing
across the data set to give indicative predictions. Specifically,
the first model predicts an E* of 22.44 kJ/mol for molecule G,
which is considered more reasonable compared to an E* of
8.49 kJ/mol predicted by the second model. Intuitively, this
prediction is also more plausible, given the chemical and
structural similarity between molecules G and h, with the latter
exhibiting an experimentally extracted E* of 28.78 kJ/mol at
298 K.

In summary, both models effectively capture the key features
that affect the energy barriers, particularly in a qualitative
sense. The first model demonstrates robustness, while the
second model offers improved accuracy for the training data
but may face challenges regarding generalizability. This analysis
of combining different metrics offers a more comprehensive
representation of the binding energy landscape, thereby
enhancing our understanding of the complex interplay between
molecular structure, binding energies, and ion transport
properties for this class of boron-containing SICs. Additionally,
the good agreement between our computational predictions
and theoretical binding energy analysis provides a foundation
for future research directions. It underscores the potential of
rational molecular design in developing high-performance
SICs. We anticipate that our future work will focus on
validating these computational insights by synthesizing these
proposed novel SICs with exceptional predicted performance.
The obtained experimental data can then be used to further
refine our predictive models, thereby accelerating the discovery
of advanced SIC materials.

B SUMMARY AND CONCLUSION

We have summarized and analyzed conductivity data of
lithium-based SICs from the literature to provide insights into
the microscopic mechanisms of ion transport and into the
design rationale of SICs. While the traditional Arrhenius fit
corroborates the Meyer—Neldel rule in SIC systems, the
obtained fitting parameters turn out to be unphysical. We then
use an alternative approach to extract temperature-dependent
energy barriers with a constant pre-exponential prefactor that
makes physical sense. The new approach can be used to
analyze conductivity data at all temperatures. The so-estimated
E* values using physical prefactors are significantly lower than
the ones calculated based on apparent Arrhenius fits, and the
predicted E* to achieve 1 mS/cm at ambient condition (~23
kJ/mol) is also reasonable and accessible.

In addition to identifying some of the promising anions
based on our analysis, we focus on investigating a specific class
of boron-containing SICs, as they demonstrate strong potential
as next-generation all-solid-state polyelectrolyte materials. We
perform DFT calculations to calculate the binding energies
between Li" and the boron-containing anions, and establish a
correlation between the E,; 4 and the E*. We develop two
Lasso regression models, and both effectively capture the
quantitative correlations between the DFT binding energies
and the E* for the boron-based family of molecules studied in
this work. While our approach to interpreting DFT data may
not be the only descriptor for these boron-containing SICs, the
established correlations could provide a reliable predictive
model for making reasonable estimations of E* for SICs within
the same chemical family. We predict the performance of a
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series of novel SICs with structures similar to those reported in
the literature and identify several candidates with potential
superior performance (E* ~ 20 kJ/mol). Future work will
focus on synthesizing and validating these promising SIC
materials.

Since we have analyzed only SICs such as polymerized ionic
liquids, where each monomer has a lithium ion, our
conclusions for the energy barriers may not apply to dual
ion conductors, where both, cations and anions, contribute
significantly toward ionic conductivity. These dual ion
conductors include polymers with added salt. In our recent
work,”> we have shown that transference number of cations,
diffusion constant of cations and the ionic conductivity need to
be analyzed in order to understand ion transport in dual ion
conductors. Furthermore, microscopic descriptions of the
temperature-dependent energy barriers and ionic conductivity
are desired for connecting interactions among monomers, and
counterions to ion transport. In addition to phenomenological
models like the Anderson—Stuart model, which connects
material properties like the dielectric constant to the ion
transport, there is a need to describe connections between
local structure and the ion transport. More sophisticated
models and calculations might be necessary to account for all
the effects.

It is also noted that there are several data sets for other SIC
systems in our database, such as Na*, K*, Cs*, and Br~
conducting polymers, which are not extensively discussed in
the main text.**%¢~7¢ Among all the nonlithium SICs, sodium
SICs are gaining attention for their potential applications in
sodium-ion batteries (SIBs), as the availability of sodium
reduces the dependency on limited and geographically
constrained lithium resources.”””® In addition, sodium-based
electrode/electrolyte interfaces are less prone to forming
dendrites, making SIBs perform better than lithium ion
batteries in certain extreme conditions.”” Similar to lithium
SICs, sodium SICs also exhibit low ionic conductivity at
ambient temperatures, usually below 107¢ S/cm.®® Moreover,
these materials tend to exhibit mechanical brittleness and
limited electrochemical stability, Particularly at high voltages
and during prolonged cycling*"** The existing literature
contains limited data on sodium conducting polymer systems,
thus it is hard to perform a comprehensive analysis to gain
mechanistic insights and optimize such materials. Nevertheless,
we can strategically leverage the principles and findings from
lithium SIC studies to design and develop sodium SICs with
similar structural and chemical characteristics, which not only
accelerates the discovery process but also helps in quickly
expanding the sodium SIC database.

Moreover, there is a pressing need to develop fluorine-free
SICs due to the environmental and health concerns associated
with fluorinated compounds, which can produce toxic and
persistent degradation products. Fluorinated functional groups
benefit from strong electron-withdrawing ability that contrib-
utes to high conductivity and stability. Despite some attempts
to develop nonfluorinated polyanions, the performance of
these SICs either fails to meet the expectations for ambient
condition applications, or does not match the effectiveness of
their fluorinated analogs.y"zg’m”84 Thus, continued research is
essential to overcoming the current limitations and achieve the
performance required for practical applications. One potential
approach is to take advantage of artificial intelligence (AI) and
large language models (LLMs), as there is an increasing trend
of using Al in material discovery and development. In fact, we
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have made some initial attempts to use LLM to help us predict
and design novel SIC materials based on the available
experimental results (see the last section in the Supporting
Information). The performance of LLM is quite impressive,
although more specialized training is needed to boost the
feasibility and accuracy of its predictions. We expect that these
Al-driven techniques will continue to evolve, thereby
facilitating the exploration of previously uncharted parameter
space.

Looking forward, we plan to enable public access and
visualization of our database, and to continue expanding and
updating the database to include data sets for more complex
systems, e.g. blends of polyzwitterions and lithium salts® or
polymer-ceramic nanocomposite,*® in order to provide a more
comprehensive perspective of the existing literature. On top of
that, it is also beneficial to apply machine learning (ML)
algorithms to identify some of the key features that would help
improve the performance of SICs. The parameter space is vast
and still largely unexplored, and it is very likely that no single
feature dominates the ion hopping mechanisms in polymers.
Proper application of ML to analyze large volumes of data
might reveal meaningful patterns and insights that may
otherwise be inaccessible. We anticipate that with a large and
reliable training data set, ML models can enhance our
understanding of SIC design and facilitate the discovery of
new polymeric materials with improved performance.
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