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Molecular organic solid-state electrolytes
(MOSSEs): a review of an overlooked class of
solid electrolytes

Hilal Al-Salih, =) Zouina Karkar and Yaser Abu-Lebdeh*

Lithium-ion batteries are crucial for applications like consumer electronics, electric vehicles, and
renewable energy storage. Despite their importance, challenges persist in enhancing electrode materials
for higher energy density, faster kinetics, and cycle life. Improving the safety and reliability of electrolytes
is also vital, as traditional liquid electrolytes pose flammability and leakage risks. While carbonate-based
liquid electrolytes are commonly used, they face limitations such as narrow electrochemical stability
windows and compatibility issues with high-capacity or high-voltage electrodes. Solid electrolytes offer
a promising alternative, providing improved safety and enabling the use of lithium metal anodes for
higher energy density. The main types are solid polymer electrolytes (SPEs), inorganic solid electrolytes
(ISEs), and their composites. This review introduces and examines molecular organic solid-state
electrolytes (MOSSEs), a sub-class of molecular solid electrolytes (MSEs) formed by combining salts of
alkali metal cations (e.g., Li*, Na* and K*) with weakly coordinating organic molecules. These systems
give rise to solids with unique crystalline structures that exhibit high ionic conductivity reaching
107° S cm™! at ambient temperatures. MOSSEs also possess a low Young's modulus, improving
electrode—electrolyte contact and lowering interfacial resistance, while facilitating processing and cell
fabrication. We analyze the synthesis methods, structural characteristics, ion transport mechanisms,
electrochemical stability windows, and battery performance of various MOSSE systems. Challenges such
as moderate thermal stability and limited scalability are addressed, alongside strategies to improve inter-
facial compatibility and expansion of their electrochemical stability window. By overcoming key limita-
tions of conventional solid electrolytes, such as brittleness, poor electrode—electrolyte contact, and
high-temperature processing, MOSSEs offer a promising path toward safer, high-performance solid-
state batteries for lithium and beyond-lithium systems.

for leakage pose significant safety hazards, including fire and
explosion risks." Solid-state electrolytes (SSEs) are emerging as

The growing demand for high-performance energy storage
systems in consumer electronics, electric vehicles, and renew-
able energy applications continues to push the limits of
lithium-ion battery technology. As society increasingly relies
on portable and sustainable energy sources, enhancing the
capabilities of lithium-ion batteries becomes paramount. To
meet these increasing demands, researchers are exploring new
approaches to improve battery safety, efficiency, and capacity.

While liquid electrolytes based on organic carbonates have
been the industry standard, their inherent safety risks and
limited thermal stability have driven the search for safer alter-
natives. The flammability of organic solvents and the potential
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a promising solution to these challenges, offering the potential
to eliminate flammable liquid components and support the use
of high-energy-density lithium metal anodes.”™

With their highest theoretical capacity (3860 mAh g ')
and lowest electrochemical potential, lithium metal anodes
could significantly enhance the energy density of batteries.®
However, integrating these anodes requires solid electrolytes
that can provide both stable interfaces and efficient ion trans-
port. Solid electrolytes must effectively suppress dendrite for-
mation, which can lead to short circuits and battery failure.” In
this context, two main classes of solid electrolytes have gained
attention: inorganic ceramics and organic polymers.

Inorganic ceramic electrolytes, such as oxides and sulfides,
are known for their electrochemical stability and high
ionic conductivity. Materials like garnet-type Li,LazZr,Oq,
(LLZO), phosphates Li; 3Al 3Ti; ;(PO4); (LATP)/thiophosphate
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Li;oGeP,S;, (LGPS), sulphides (argyrodites or Li,S-P,Ss-based)
and halides (LiInCl,) exhibit conductivities comparable to
liquid electrolytes.®® Yet, these materials still face challenges
related to brittleness, high interfacial resistance, and complex
processing requirements.'® The rigidity of ceramics leads to
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poor contact with electrode materials, and their sensitivity to
moisture complicates manufacturing and handling.**

On the other hand, polymer-based solid electrolytes are
more flexible and cost-effective, but their ionic conductivity
often falls short. Polyethylene oxide (PEO)-based electrolytes,
for instance, require elevated temperatures to achieve adequate
ionic conductivity due to the crystalline nature of PEO at room
temperature.'>® Additionally, many polymer electrolytes,
including PEO, exhibit limited electrochemical stability win-
dows, especially under high-voltage operation (<3.5 V), which
constrains their compatibility with next-generation cathodes.
Recent efforts have focused on overcoming these limitations by
exploring hybrid and composite electrolyte systems,"*™° as well
as new material classes like sulfides, halides, and argyrodite-
type compounds. Composite electrolytes aim to combine the
high conductivity of ceramics with the flexibility of polymers,
but achieving a homogeneous mixture and good interfacial
contact remains challenging.®

An overlooked group of solid electrolytes, often not properly
classified, is molecular solid electrolytes (MSEs), which consist
of solid materials formed from salts and molecular organic
compounds. Within this class, we introduce a distinct sub-
category termed molecular organic solid-state electrolytes
(MOSSEs), comprising crystalline materials formed by combin-
ing alkali metal salts with weakly coordinating organic mole-
cules. MOSSEs offer a unique structure for fast ion migration
exhibiting mechanically soft yet crystalline character. We refer
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to these as ““soft cocrystals”, a term that reflects their solid-state
crystalline nature formed by co-crystallized salt and solvent,
along with their inherently low rigidity and cohesive energy, in
contrast to dense ceramic lattices. The ion conduction channels
in these cocrystals consist of weak Lewis basic donor groups
from the organic molecules, enabling flexible yet efficient ion
transport pathways. This structural difference potentially over-
comes several limitations of traditional inorganic solid electro-
lytes, including interfacial brittleness and high processing
temperatures.’' Fig. 1 presents what we consider a completed
SSE classification tree diagram without omitting the usually
overlooked molecular class of SSEs. The relative strengths and
weaknesses of MOSSEs compared to other electrolyte classes
are summarized in Fig. 2, which highlights their balanced
performance in ionic conductivity, interfacial compatibility,
and mechanical compliance.

Crystalline molecular organic materials, which include
many MOSSEs, are generally characterized as mechanically soft
solids composed of a three-dimensional periodic arrangement
of organic molecules. Their cohesion arises primarily from
weak intermolecular interactions, such as dipole-dipole forces,
hydrogen bonding, and n-n stacking, rather than strong cova-
lent or ionic bonds. This inherently loose packing gives rise to
structural features analogous to those found in plastic crystals,
including a high density of slip planes. These planes facilitate
the formation and motion of dislocations under mechanical
stress, enabling plastic deformation without fracture. As a
result, MOSSEs exhibit low Young’s modulus and favorable
interfacial compliance, making them well-suited for solid-state
battery applications where soft mechanical contact with elec-
trodes and resistance to cracking are critical.*” Besides, their
simple preparation through low temperature solvent or melt
casting will allow for ease of processing, scale up and cell
fabrication. However, this mechanical softness also introduces
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concerns regarding structural fragility, dendrite penetration
under high current densities, and insufficient resistance to
compressive or puncture forces. These factors can compromise
cycle life and interfacial stability, and must be carefully
addressed through composite design or interface engineering.

Compared to conventional solid polymer electrolytes, such
as the PEO-based systems discussed earlier, MOSSEs can
exhibit high ionic conductivity at room temperature due to
their unique crystal structures facilitating ion movement.*?
Unlike conventional solid-state electrolytes, which are often
limited by either mechanical rigidity (like ISEs with ceramic
nature) or low ionic conductivity (like SPEs), MOSSEs represent
a unique class of materials that combine the mechanical
flexibility of organic molecules with the ionic conductivity of
inorganic salts. Fig. 3 provides a comparative analysis of
MOSSEs within the broader context of electrolyte materials.
As shown in Fig. 3a, representative MOSSEs, such as 5 wt% with
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in succi-
nonitrile, exhibit ionic conductivities approaching those of gel
and organic liquid electrolytes while maintaining a solid-state
form. This highlights their potential to outperform conven-
tional polymer electrolytes (e.g., LiClO,) under ambient condi-
tions. In Fig. 3b, a simplified binary phase diagram illustrates
the thermodynamic origins of two key MOSSE categories:
eutectic MOSSEs, which occur at minimum-melting composi-
tions, and solvate MOSSEs, which form at fixed salt-solvent
ratios resulting in ordered crystal lattices. These structural
archetypes influence both ion transport and stability, serving
as a design framework for developing high-performance
MOSSEs.

MOSSEs stand out for their ability to merge the advanta-
geous properties of both solid and liquid electrolytes, including
improved ionic conductivity, excellent mechanical properties,
and enhanced safety due to their non-volatile nature. Their

Solid-State Electrolytes
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Fig. 1 Tree diagram showing SSE classification including MOSSE, the usually overlooked class.
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Fig. 2 Radar chart depicting strength and weaknesses of each SSE class.

crystalline nature provides structural stability, while the
organic components offer flexibility and processability.** This
innovative approach opens up new possibilities for developing
solid-state batteries that can overcome the limitations of tradi-
tional liquid and polymer electrolytes. By leveraging the unique
structural characteristics of MOSSEs, researchers are exploring
their potential to enable the use of lithium metal anodes,
thereby pushing the boundaries of energy density and battery
performance.

Building on the Pearson hard-soft acid-base (HSAB) theory,
researchers hypothesized that the conductivity of soft solid
electrolytes could be enhanced by using a soft donor solvent
matrix with which the hard Li" ions interact weakly. According
to the HSAB theory, “hard” acids like Li" prefer to bind with
“hard” bases, but by introducing “soft” bases, the interaction
is weakened, facilitating ion mobility.>® This hypothesis led to
the exploration of various solvent and salt composite materials,
such as salts complexed in succinonitrile (SN), adiponitrile
(ADN), acetonitrile (AN), ethylene carbonate (EC), propylene
carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate
(DEC), ethyl methyl carbonate (EMC), ethyl acetate (EA), sulfo-
lane, tetrahydrofuran (THF), dimethylformamide (NN DMEF),
and 1,2-dimethoxyethane (DME). Fig. 4 illustrates the line
structure of these solvent examples.

An important subset of MOSSEs is the solvate MOSSEs,
which form when a lithium salt and a molecular solvent are
combined at specific stoichiometric ratios, known as solvate
compositions, corresponding to distinct points in the phase
diagram. At this precise ratio (x = x;), the resulting solid is a
well-defined crystalline compound in which solvent molecules
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are systematically integrated into the crystal lattice alongside
the salt ions. This ordered integration creates stable and uni-
form microstructures, often exhibiting superior thermal stabi-
lity, enhanced ionic conductivity, and predictable solubility. At
the stoichiometric solvate composition, the MOSSE can also be
fabricated via a melt-casting process. As shown in Fig. 5, the
lithium salt and donor solvent are first combined at the
appropriate molar ratio and gently heated above the com-
pound’s melting point to form a homogeneous liquid. Upon
cooling, the mixture solidifies into a single-phase crystalline
MOSSE. Fig. 5a illustrates this melt-casting strategy, while
Fig. 5b shows a representative image of the resulting solidified
MOSSE, prepared from LiTFSI and DME in a 1:3 molar ratio,
demonstrating its pure-phase, glassy morphology in a flipped
vial. This visual homogeneity is consistent with the formation
of a stoichiometric, solvent-free crystalline electrolyte rather
than a metastable or biphasic mixture.

The structural integrity of solvate MOSSEs promotes the
formation of ion-conducting channels through aligned solvent
molecules, facilitating efficient lithium-ion transport. Addition-
ally, the presence of thermally activated or intrinsic vacancies
within the lattice supports ion hopping between coordination
sites, further contributing to conductivity. In contrast, off-
stoichiometric compositions (x # xs) often result in hetero-
geneous or metastable solids, such as mixtures of salt and
excess solvent or solute, that lack the same degree of crystalline
order, leading to variable and often inferior electrochemical
performance.

Furthermore, the conductive behavior of solvate MOSSEs
can be finely tuned by selecting different solvents or counter

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Comparison of temperature-dependent ionic conductivities

(log o vs. 1000/T) for various solid and liquid electrolytes, highlighting the
position of a representative molecular organic solid-state electrolyte
(MOSSE) system (5 wt% LITFSA in succinonitrile).*> The MOSSE exhibits
higher conductivity than traditional polymer electrolytes (e.g., PEO—
LiClO4) and approaches values reported for gel and liquid systems, while
maintaining a solid-state form (reproduced from ref. 25 with permission
from Royal Society of Chemistry, copyright 2025). (b) Schematic phase
diagram illustrating eutectic (blue star) and solvate (red star) compositions
in binary salt—solvent systems. Eutectic compositions correspond to the
minimum in the melting temperature, while solvates correspond to a
minimum that occurs at specific stoichiometries with distinct crystalline
structures. These two states represent key categories of MOSSEs, each
with different thermodynamic and transport characteristics.

anions. Lithium salts coordinated by low-molecular-weight
ligands and weakly coordinating anions have demonstrated
particularly high conductivities. These characteristics, com-
bined with their structural predictability, make solvate MOSSEs
highly promising for next-generation solid-state battery appli-
cations. This review aims to provide a comprehensive examina-
tion of MOSSEs and their properties. By highlighting the
advancements and remaining challenges in this field, the

This journal is © The Royal Society of Chemistry 2025
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review seeks to inform future research directions and contri-
bute to the development of more efficient and reliable solid-
state lithium metal batteries. We will discuss the synthesis
methods, structural characteristics, ion transport mechanisms,
and electrochemical performance of various MOSSEs, provid-
ing comparative analyzes where applicable.

1. Solvation structures and ionic
association in MOSSEs

To build a deeper understanding of how salt-solvent interac-
tions define the structural and transport properties of MOSSEs,
it is essential to examine the specific coordination environ-
ments and phase behaviors that emerge across different sys-
tems. The following sections explore representative solvate
MOSSEs formed with various solvents, including dimethyl
sulfoxide (DMSO), glymes, and nitriles, highlighting how mole-
cular structure, stoichiometry, and ionic association influence
their conductivity, stability, and suitability for solid-state bat-
tery applications.

The performance of these electrolytes is heavily influenced
by the microstructures formed between lithium salts and polar
aprotic solvents. A key example of this interaction can be seen
with DMSO, where lithium salts form solvates with the general
composition LiX-4DMSO with X being BF,, NOs3, or CF;SOs.
Among these solvates, LiCF;SO;-4DMSO demonstrates the
highest stability, followed by LiBF,-4DMSO and LiNO;-4DMSO.
This variation in stability is attributed to the differing anion
interactions with DMSO. According to Esin’s thermodynamic
formalism,?® the order of anion association with DMSO follows
the trend ClO,~ > CF;SO;~ > BF,” > NO; , with each
interaction directly influencing solvate stability and ionic
conductivity.>® Unlike solvents such as propylene carbonate
(PC) and dimethyl carbonate (DMC), which often form less
stable or weakly dissociated complexes with lithium salts,
DMSO can strongly coordinate Li* and form stable solvates.
For example, LiClO, in DMSO exhibits significantly higher
ionic conductivity, attributed to enhanced ion dissociation
and mobility. This reinforces the critical role that salt-
solvent interactions play in enhancing the performance of these
electrolytes. By carefully selecting and optimizing these
interactions, MOSSEs can achieve the necessary balance
between stability and ionic conductivity, making them strong
candidates for next-generation high-performance battery
applications.*’

Glymes (G1, G2, G3, G4; short for mono-, di-, tri-, and
tetraethylene glycol dimethyl ethers and so on), belonging to
the ether-oxide family, interact with lithium salts to form a
variety of solvates, each exhibiting distinct ionic association
strengths. In dilute solutions, lithium ions are highly solvated,
existing as ‘““free” ions, but as the concentration increases,
these ions transition into more structured forms, including
solvent-separated ion pairs (SSIP), contact ion pairs (CIP), and
aggregates (AGG).”® SSIP, CIP, and AGG have an impact on the
viscosity, conductivity, and the electrochemical window of the

Chem. Commun.
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Fig. 4 Representative molecular organic solvents that form co-crystalline solid-state electrolytes (MOSSEs) with lithium salts.
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(a) Schematic of the melt-casting process of MOSSE. (b) Sample image to visualize the non-fluidity of DME-LITFSI (3 : 1) solvate MOSSE prepared in our lab

using inverted vial method. Sample was prepared by simple mechanical stirring above solvate melting point (29 °C) then left to solidify at room temperature.

electrolyte.>* > The coordination number of lithium cations
within these structures typically ranges from 4 to 6, though
variations from 3 to 8 are also observed depending on the
system. In glymes, lithium salts are categorized by their degree
of ionic association, spanning from highly dissociated salts like
LiBPh, to more strongly associated salts like LiNO; and
LiCF;CO,. At sufficiently high salt concentrations, the coordi-
nation of all solvent molecules to Li" ions alters the electronic
structure of the electrolyte, often localizing the LUMO on the
anion (e.g., TFSI™) rather than the solvent. This effect, observed
in systems based on glymes, succinonitrile, NN DMF, and
acetonitrile, enhances the reductive stability of the solvent by
promoting preferential anion reduction and the formation of
stable SEI layers.**¢

The stability and melting points of these solvates are closely
tied to the strength of ionic association. Higher degrees of

Chem. Commun.

association often result in more complex phases, such as CIP or
AGG, which can influence both the mechanical and electro-
chemical properties of the materials. Additionally, crystallinity
gaps composition ranges where no stable crystalline phase
forms frequently arise in glyme-LiX mixtures when ionic asso-
ciation is particularly strong or when higher glyme-to-salt ratios
are employed. These gaps highlight the challenges in achieving
stable crystalline phases under such conditions, which can
complicate the design of solid electrolytes based on these
systems.’”

A detailed analysis of specific solvate structures, such as
(G1),-LiClO, and (G2),-LiClO, mixtures, reveals significant
insights into their thermal properties, crystal structures, and
ion association behaviors. The (G1), solvate, for example, melts
at 68 °C, where Li" cations are coordinated by four ether oxygen
atoms from G1 molecules and two oxygen atoms from a

This journal is © The Royal Society of Chemistry 2025
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Table 1 Examples of different MOSSE sub classes, and their key properties

Group Representative systems Key strengths/distinctive features (condensed) Ref.

(1) Glyme-based solvates (G1);:LiTFSI, (G2),:LiTFSI, (G4)o.5:LiBF,,
(ethers-oxide) [Li(G3)][TFSA], [Li(G4)][TFSA], G4:LiAsF,

Stable, stoichiometric MOSSE crystals with well-defined 4-6- 38 and
coordinate Li" environments; persistent solvate species in the 40-44
melt (verified by phase diagrams + Raman); strong chelation
suppresses ion pairing; high oxidative stability (~5 V) and

fast Li" transport via cation-solvent complexes yield conduc-

tivities of 10 *-10"* S em ™"

SN + 5 wt% LiTFSI, SN + 5 mol% LiTFSI, SN Plastic-crystal MOSSEs with rotationally mobile CN frame- 23, 24, 39
+ 5 wt% LiBF,, (ADN),LiPFs, (ADN);NaClO,, works; strong dielectric screening enabling full salt dissocia- and 45-49
(AN),-LiPF,, 4.2 mol dm " LiTFSI in AN tion; weak Li'/Na” binding promoting low-barrier hopping;

3D ion-transport channels with nanoliquid grain-boundary

layers that suppress interfacial resistance; melt-castable,

mechanically compliant, and anodically stable up to 5-7 V

(2) Nitrile-based solid
systems (SN/ADN)

(3) Amide/Amine-based LiCl-DMF, NaClO,(DMF);, LiTFSI-aceta- Strong C—O0 and N-donor coordination forming rigid crys- 50-56
solvates mide, Li(TFSA)(Me,NCH,CH,NMe,), iso- talline solids; moderate ionic conductivities (10 *-107° S
quinoline;-(LiCl), cm™Y); relatively low activation barriers for Li" hopping;
several systems exhibit high thermal robustness (> 140 °C),
suitable for high-temperature solid-state operation
(4) Aromatic/crown- (18-Crown-6)-LiTFSI, 1,2-dimethoxybenzene/ Engineered host-guest Li" sites yielding single-ion conduc- 51, 57 and

ether-based solvates LiTFSA, 1,2-F,-DMB/LIiTFSA,

Li(TFSA)(DMB), ,

tion (£ & 0.9); n-stacked aromatic frameworks creating 58
directional 1D Li" hopping paths; TFSA~ immobilization
forming rigid anion networks; transport governed by Li-Li
spacing and weakened Li-O chelation; plastic or solid-solid
transitions enhancing mobility; stable to ~4 V with demon-

strated Li metal cycling

(5) Carbonate/lactone-
based solvates

(EC),_3:LiCl0,, (GBL),~4:LiPFg, (GVL);:Li-
ClO,, (EC);:LiCF;S0;

Exclusive carbonyl-O coordination giving uniform 4- 59
coordinate Li" sites; packing motifs replicate liquid EC/GBL

solvation structures; anion-dependent ion-pairing and
aggregation; simple lattices isolating solvent-anion competi-
tion; moderate conductivity (10 °-10"* S ecm ™)

(6) Sulfone/sulfolane-
based solvates

LiBF,/SL (1:1), LITFSA/SL (1:1), KFSI/DMS
(1:9)

Strong S—O dipole coordination forming highly stable sol-
vates; wide oxidative stability windows (up to 6.2 V); con-

60 and 61

ductivities of 107*-107* S em™*; excellent high-voltage
compatibility and thermal robustness in sulfolane and sul-
fone systems

bidentate ClO,™ anion, forming a CIP-II structure. In contrast,
the (G2), solvate melts at 71 °C and features a six-coordinate
Li', bonded to six ether oxygen atoms from G2 molecules,
resulting in solvent-separated ion pairs (SSIPs). Vibrational
spectroscopy further distinguishes these solvates by identifying
shifts in ClO,~ frequencies, which help differentiate between
species.*® Additionally, phase diagrams and conductivity mea-
surements of lithium salt systems in solvents like AN-LiTFSI
and AN-LiPFy illustrate the variety of solvate structures and
their corresponding phase behaviors.

In the case of acetonitrile (AN), a solid-solid phase transi-
tion occurs at —56 °C before melting at —46 °C, characterized
by a distinctive 90° rotation of AN molecular slabs within the
crystal lattice. This transformation significantly impacts the
solid phase’s structure and its interaction with lithium salts.
When AN is mixed with LITFSI, the phase behavior becomes
more complex. The 6/1 and 4/1 molar ratio solvates display
differing coordination environments, and Li" cations in the 6/1
phase are octahedrally coordinated by six AN molecules,
whereas in the 4/1 phase, they are tetrahedrally coordinated
by four AN molecules. The 1/1 solvate further complicates the
coordination, leading to an aggregated solvate (AGG) structure.
For AN-LiPF, mixtures, the 6/1 phase shows Li* cations coordi-
nated by four AN molecules, with uncoordinated PFs~ anions,
while the 5/1 phase differs by one fewer AN molecule per Li’,
impacting thermal properties.*®

This journal is © The Royal Society of Chemistry 2025

Crystallinity gaps often emerge between the 4/1 and 1/1
phases, where mixtures fail to fully crystallize and instead form
amorphous solids due to slow nucleation or unfavorable pack-
ing. Raman spectroscopy provides additional clarity on these
phase behaviors, highlighting distinct TFSI™ conformations in
AN-LiTFSI mixtures and revealing the complexity of solvate
structures in AN-LiPF, systems. These findings underscore the
dynamic nature of solvation and its influence on stability and
conductivity, which are pivotal for optimizing performance in
all-solid-state batteries (Table 1).

2. Thermodynamic and solvation
parameters guiding MOSSE stability

Various parameters, including thermodynamic stability, dielectric
constant, polarity, and the Gutmann donor number of the electro-
lyte materials, can be used to predict high-quality MOSSE.

2.1. Thermodynamic factors influencing the formation of the
passivation layer at the electrode-MOSSE interface

The formation of interfacial passivation layers at the anode and
cathode surfaces is governed by thermodynamic factors, parti-
cularly the energy difference between the Fermi levels of the
electrodes and the frontier molecular orbitals, such as the
highest occupied molecular orbital (HOMO) and lowest
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unoccupied molecular orbital (LUMO) of the electrolyte.®>™**
When the Fermi level of a positive electrode lies below the
HOMO of the electrolyte, there is a thermodynamic driving
force for electrolyte oxidation. Conversely, on the negative
electrode, if its Fermi level is higher than the LUMO of the
electrolyte then there is a driving force for electrolyte reduction.

To control electrolyte decomposition, additives are fre-
quently used. As shown in Fig. 6, additives with a higher HOMO
energy than that of the electrolyte solvent are preferentially
oxidized at lower potential before other solvents. Similarly,
additives with a lower LUMO energy, indicating a higher
electron affinity, are reduced earlier on the anode, contributing
to the formation of stable passivation layers.

As illustrated in Fig. 7, succinonitrile (SN) compounds
exhibit the lowest HOMO among the different additives, salts
and carbonates indicating that their oxidation occurs at rela-
tively high potentials. Moreover, cosolvents and salt anions
modify the relative HOMO-LUMO energies of the electrolyte
components, thereby shifting their oxidation and reduction
onset potentials.®*7*

Among different lithium salts (in red in Fig. 7), lithium
hexafluorophosphate (LiPFg) is the most widely used in battery
electrolytes, but it is prone to decompose in the presence of
moisture.”” Lithium bis(oxalate)borate (LiBOB) and lithium
difluoro(oxalato)borate (LiDFOB) are commonly used as addi-
tives due to their beneficial impact on the formation of a stable
passivation layer. LiFSI, known for its high oxidative stability,®
is particularly well suited for high-voltage battery systems.*®
Nevertheless, LiFSI and LiTFSI are known to corrode aluminum
current collectors, which limits their practical application.
Interestingly, increasing the salt concentration in the electro-
lyte reduces the presence of free solvent molecules that could
solvate the dissolved aluminum ions. As a result, corrosion is

Potential (V) vs. Li/Li*
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halted at the first surface layer of the aluminum foil, thereby
preventing deeper degradation of the current collector.”*”*

For high voltage electrodes, the electrolyte must have high
oxidative stability. The use of low oxidative stability solvents,
such as ether oxide, can result in oxidative decomposition of
the electrolyte during the charging process.”> Furthermore,
recent advancements have demonstrated strategies to enhance
the oxidative stability of electrolytes. For example, in glyme-
based electrolytes, the coordination between glyme molecules
and lithium cations lowers the HOMO energy level of the ether
oxygen in the glyme molecule, thereby reducing its suscepti-
bility to oxidation. Moreover, the absence of an uncoordinated
free solvent in the system further improves the oxidative
stability of the electrolyte. As shown in Fig. 8, SN has the lowest
HOMO of —9.6 eV with a high dielectric constant of (&) ~55
which can improve the high voltage stability and be compatible
with high voltage cathodes.”®””

2.2. Dielectric constant or relative polarity of MOSSEs

The dielectric constant and relative polarity of a solvent influ-
ence how electron density is distributed within the solvent,
playing a critical role in determining the strength of ion-ion
interactions and the degree of salt dissociation in a solution.
The dielectric constant, or relative permittivity, reflects the
ability of the solvent to reduce electrostatic forces between
charged species. In solvents with a high dielectric constant,
the coulombic interactions between ions are significantly wea-
kened, resulting in greater salt dissociation, a higher concen-
tration of free ions, and enhanced ionic conductivity. On the
other hand, an electrolyte with a low dielectric constant causes
limited electrostatic shielding, resulting in stronger coulombic
interactions between oppositely charged ions and reduced ion
dissociation.®

Anode Electrolytes Cathode
Conventional FEC additive Ve
,ex.‘ carbonates le' ‘
oV Limetal Unstable interlayer {e-\ E,
LUMO
LUMO (0.1ev)
(-0.4ev) LUMO
(-0.9 eV)
Highly
idath
oxidative ﬂ:\
Ec HOMO
(-6.0eV) Cathode
HOMO
(-6.8eV) HOMO
l (-7.2ev)

Fig. 6 Schematic illustration of the HOMO-LUMO energy levels of conventional carbonate solvents (e.g., EC/DMC), fluoroethylene carbonate (FEC),
and vinylene carbonate (VC) relative to the Li/Li* reference (0 V). VC possesses a higher-lying HOMO than the bulk carbonate solvents, enabling
preferential oxidation at high potentials and promoting CEl formation. In contrast, FEC does not have a higher HOMO; its preferential decomposition at
the anode arises from its ring-opening reduction chemistry, which facilitates the formation of a stable SEI. 127114
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Fig. 7 HOMO and LUMO energies of carbonate, nitrile and glyme-based
molecules showing electron donation and acceptance ability.®>~%®

2.3. Gutmann donor and acceptor numbers

The donor and acceptor numbers, introduced by Gutmann
et al., quantify a chemical species ability to donate or accept
electron pairs, respectively. Lewis acids are molecules or ions
that can accept an electron pair due to the presence of vacant
orbitals, resulting in chemical bonding or interactions.®"**
Whereas, Lewis bases possess electron pairs that can coordi-
nate with a Lewis acid. In lithium-ion battery systems, the
lithium ion functions as a Lewis acid, and the solvents that
solvate it act as Lewis bases. As such, the donor number (DN)
becomes a crucial parameter influencing electrolyte behaviour.

The DN reflects the strength of interaction between Li" and
solvent or anion species in the electrolyte. Solvents with low
polarity, low dielectric constants, and very low DN values
generally have poor lithium salt solubility, making them inef-
fective as primary solvents. In contrast, many high-polarity

(&)
® 100 - OFC
Y OPC
= o )
' Y
- A
= on AN NN-DMF
1]
el
g
o 104
S 1 oTHF &
o Glyme
% . EMC A ""’?Le
‘H.w © v amiae
@ DMC  pgc m ether oxide
: q_) < carbonate
B ® cyclic ether
11 -10 -9 -8 7 e
HOMO / eV _

More oxidative

Fig. 8 Dielectric constant vs. HOMO energies for carbonate, nitrile and
glyme-based molecules.””~7°
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solvents, while capable of dissolving lithium salts, can be overly
reactive with lithium metal.*® Correlating the Gutman donor
number with dielectric constant or polarity of a solvent solubi-
lity leads to a useful guiding principle: solvents with low DN
that do not dissolve lithium salts act as diluents, whereas those
with higher DN values that support salt dissolution function as
co-solvents.®*

Solvents capable of dissolving and dissociating lithium salts
at high concentrations tend to have high dielectric constants
and high viscosities due to their strong polarity (Fig. 9). The
viscosity is inversely proportional to mobility (u = e/6mry).
Therefore, reducing viscosity is essential for enhancing
lithium-ion mobility.®® To achieve high ionic conductivity, an
ideal electrolyte should combine low viscosity with a high
dielectric constant. This is why current organic electrolytes
often utilize solvent mixtures: a high-dielectric-constant solvent
to effectively dissociate lithium salts, paired with a low-
viscosity, low-dielectric-constant solvent to improve mobility.
The most common formulation includes a cyclic carbonate
such as ethylene carbonate (EC) with a high dielectric constant
(¢r & 90), mixed with linear carbonates like dimethyl carbonate
(DMC), diethyl carbonate (DEC), or ethyl methyl carbonate
(EMC), which have much lower dielectric constants (¢, & 3)
but with viscosities less than 1 cP. Additionally, additives with
high donor numbers can strongly coordinate with lithium ions
and are used to tailor the morphology of the resulting inter-
phase layer, contributing to improved mechanical flexibility
and interfacial stability.®*®”

3. MOSSE families

3.1. Glyme-based MOSSEs (ether-oxide)

The study of lithium salt solvates using glymes as molecular
solvents can be traced back to the 1990s. Glymes, with the
general formula CH;0-(CH,CH,0),,~CH; (where n = 1-5), were
extensively compared to polymers in their role as solvents for
lithium salts. Notably, Andreev et al.®® examined the crystal
structures of complexes formed between diglyme and lithium
salts, specifically (diglyme),:LiBF, and (diglyme),:LiSbFe. These
complexes exhibit a distorted octahedral geometry around the
lithium ion, with each diglyme molecule donating three ether
oxygen atoms to coordinate the lithium ion. The structure
involves stacking of diglyme complexes, with BF, anions
positioned between the layers of diglyme molecules.

The coordination environment varies: in (diglyme),:LiBF,,
the lithium ion is surrounded by six ether oxygen atoms, while
in (diglyme):LiBF,, the coordination number is reduced to
three. This difference in coordination influences the physical
properties of the complexes, including ionic conductivity and
mechanical strength. A higher coordination number (as in
(diglyme),:LiBF, with six ether oxygens around Li*) leads to a
fully solvated cation with minimal Li-BF,  interaction, which
tends to increase ionic conductivity.’® However, this 2:1
diglyme complex is a discrete molecular unit lacking a poly-
meric network, so it offers little mechanical strength
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Fig. 9 (a) Gutmann’s donor number vs. dielectric constant. (b) Dielectric constant vs. viscosity for carbonate, glyme, and nitrile molecules.®®

(essentially behaving like a liquid or low-melting solid). In
contrast, the 1:1 complex (diglyme : LiBF,) has Li" coordinated
by only three ether oxygens, with BF, ™ anions bridging between
Li" centers; this stronger Li*-anion association reduces ionic
mobility (lower conductivity).** The 1:1 complex forms a more
rigid crystalline lattice than the 2:1 complex. In contrast to
polyethylene oxide (PEO) complexes, which typically adopt a
helical structure with isolated polymer chains contributing to
both conductivity and mechanical stability, glymes form dis-
crete, coordinated units. This difference in structural organiza-
tion affects their overall ionic conductivity and mechanical
behavior, with glymes offering a distinct coordination pattern
compared to polymer-based electrolytes.

Henderson et al’®*?*”?® discussed glyme mixtures with
LiTFSI or lithium bis(pentafluoroethylsulfonyl)imide (LiBETI),
where Li" cations are typically solvated by ether oxygens as
solvent-separated ion pairs (SSIPs). Contact ion pairs (CIPs) and
aggregates (AGGs) form when fewer ether oxygens are available.
LiTFSI crystal structures show TFSI™ anions in transoid form
conformation coordinated to four Li* cations, while in mono-
hydrate solvates, TFSI™ anions adopt cisoid form conformation.
The crystal structures of various LiTFSI and LiBETI solvates
exhibit differences in cation coordination and anion conforma-
tions, influencing their melting points and phase behaviors.

Phase diagrams for glyme-LiX mixtures indicate various
crystalline phases and solid-solid phase transitions, highlight-
ing similarities and differences between TFSI” and BETI
anions in coordination and phase behavior. Raman spectro-
scopy and DSC analyses further elucidate the phase transitions
and structural properties of these solvates, with some forming
amorphous phases or showing order-disorder transitions at
low temperatures. Notably, increasing ionic association
strength leads to decreased crystallinity and the emergence of
“crystallinity gaps”, as observed in glyme-LiTFSI and LiBETI
mixtures, where amorphous phases persist due to poor struc-
tural alignment between solvated ions. This behavior also
affects viscosity, with more associated or aggregated phases

Chem. Commun.

typically showing higher viscosities due to stronger ion-solvent
interactions and reduced mobility in the disordered matrix.

Seneviratne et al.°® provided a detailed analysis of the crystal
structure and vibrational spectroscopy of diglyme-LiSbF¢ solu-
tions. They discovered and analyzed the structure of the (digly-
me),LiSbFs compound, which crystallizes in the orthorhombic
Pcen space group. The unit cell contains four asymmetric units,
each comprising a diglyme molecule, half a Li" cation, and half
an SbF,~ anion, leading to six-fold coordination of the Li* by
two diglyme molecules. The SbFs~ ion shows static disorder,
and no direct interaction is found between the cation and the
anion. The diglyme molecules adopt a conformation with
bonds that are trans or gauche, similar to the conformation in
the (diglyme)LiCF;SOj; crystal.

Zhang et al*® studied two such complexes, [CH30(CH,.
CH,0);CH;] (G3) and [CH;0(CH,CH,0),CH;] (G4), revealing
distinct crystal structures and significant differences in their
ion transport numbers (t* = 0.8 for G3 and 0.1 for G4), despite
similar conductivities. G3 forms Li" ion-conducting tunnels,
unlike G4, where Li" transport pathways are absent. Conduc-
tivity measurements via AC impedance spectroscopy showed
ion hopping in fixed sites and differing activation energies
(55 k] mol ™" for G3, 68 k] mol " for G4). Nevertheless, ionic
conductivities are very low for PEO solvates (¢ ~ 1077 S cm ™)
relative to glyme solvates (¢ ~ 107 °® S em™"). In PEO, Li" is
coordinated along a semi-crystalline polymer backbone and its
movement requires segmental chain relaxation, which is hin-
dered at room temperature. In contrast, glyme solvates form
discrete molecular coordination units that allow Li* to hop
between sites without relying on polymer mobility.

Abouimrane et al.>” explored the properties of (12-Crown-4)
and (18-Crown-6) crown ether complexes with LiTFSI at various
molar ratios (Fig. 10). DSC scans reveal distinct thermal beha-
viors, including new peaks indicating transitions to plastic
crystal phases and changes in melting points. For instance,
the (12-Crown-4)-LiTFSI 1:1 complex shows transition at
—109 °C and 88 °C, with melting at 145 °C, while varying ratios

This journal is © The Royal Society of Chemistry 2025
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exhibit different thermal behaviors and complex formations.
The (18-crown-6)-LiTFSI 1:1 complex exhibits a melting point
of 49 °C, which is higher than the ~40 °C melting point of the
neat crown ether and an entropy of fusion aligning with
Timmerman’s criterion. In the plastic phase, these crown-
ether-LiTFSI complexes typically reach ionic conductivities on
the order of 10 >-10 ®Scem ™' (e.g., ~6 x 107> Scm ™" at 40 °C
for the 18-crown-6 complex), which places them within the
range of moderate solid-state ion conductors.””

Conductivity measurements indicate significant variance
with temperature, with the 1:1 complex showing the highest
conductivity in the plastic phase. The (18-crown-6)-LiTFSI 1:1
complex was tested in a lithium-metal battery, demonstrating
an electrochemical stability window of at least 4 V and promis-
ing but low discharge capacity. These findings reinforce the
well-established utility of crown ethers in forming ion-
conducting complexes with Li salts, particularly in enabling
plastic crystal behavior and moderate conductivity. The thermal
and electrochemical insights add to the extensive body of work
on crown ether-based electrolytes.

3.2. Succinonitrile-based MOSSEs

Considering that the plastic crystal matrix should act merely as
the ’solid solvent’ for the dopant ions, providing appropriate
mechanical and transport properties, an ideal candidate for
novel fast ion conductors would be a molecular plastic crystal
capable of dissolving salts. As shown in Fig. 9a, succinonitrile
exhibits a plastic phase from —35 °C to 62 °C, featuring a high
dielectric constant (¢ = 55 at 25 °C) and low Gutmann donor
number (15), indicating limited cation solvation.®” Its plasticity
suggests suitability as a solid electrolyte in lithium batteries.

Long et al.*® explored the possibility of creating solid-state
electrolytes based on plastic crystalline solvents by doping lithium
salts and acids into the plastic crystal phase of succinonitrile. They
achieved room temperature conductivities up to 3.4 x 10"*Scem™*
with 5 wt% LITFSI in succinonitrile. Pulsed field gradient nuclear
magnetic resonance (PFG-NMR) measurements indicated that both
cation and anion are mobile in this lattice.

At the same time, Alarco et al.>* further investigated the
plastic-crystalline phase of succinonitrile as a universal matrix
for solid-state ionic conductors. Various salts, including weakly
coordinating (TFSI") and strongly coordinating anions (SN™),
were tested as dopants, producing mechanically stable films
with no solubility issues. Conductivity measurements revealed
high performance at room temperature and below, with succi-
nonitrile along 5 mol% NH,TFSI showing 3.16 mS cm ™. The
conductivity varied with dopant nature and concentration,
generally higher for monovalent cations and lower for divalent
and trivalent cations. TFSI salts showed exceptional conductiv-
ity due to low lattice energy and high solubility.

Complementing these electrochemical studies, Burba and
Powell”® provided fundamental structural insights into these sys-
tems by isolating a 1:1 solvate of succinonitrile and lithium
thiocyanatel. Crystallographic analysis identified the structure as
a one-dimensional coordination polymer, catena-poly[lithium-p-
thiocyanato-lithium-p-butanedinitrile], in which lithium ions are

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Schematic structure of 12-crown-4 and 18-crown-6 ethers.
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tetrahedrally coordinated by nitrile groups from the solvent and
bridging thiocyanate anions. The resulting network consists of
double chains linked by Li,(SN), dimers. Notably, the succinonitrile
molecules within this solvate adopt a gauche conformation similar
to the low-temperature phase of the pure material. These crystal-
lographic findings reveal specific cation-solvent and cation-anion
interaction motifs that are essential for guiding the design of next-
generation plastic crystalline electrolytes.

Electrochemical tests demonstrated wide voltage windows
and high charge-discharge efficiencies for LiFePO, and LiCoO,
cathodes, indicating succinonitrile-based electrolytes’ potential
for high-performance lithium batteries. The study emphasized
the role of anion selection and the plastic-crystal state in
enhancing solid electrolyte properties.

Sun et al.® utilized a 5 mol% LiTFSI/SN plastic crystal
electrolyte (PCE) to address the poor electrochemical perfor-
mance of organic quinone cathode materials due to their
tendency to dissolve in conventional liquid electrolytes. The
integration of the SN-based PCE with a calix[4]quinone (C4Q)
cathode successfully alleviated this dissolution problem, lead-
ing to a high-performance organic lithium-ion battery. This full
cell exhibited an initial capacity of 424 mAh g~ ' and demon-
strated superior cyclic stability, retaining 60% of its initial
capacity after 1000 cycles at 0.1C, thus validating the practical
application of these MOSSEs in robust, high-energy-density
devices.

3.3. Acetonitrile-based MOSSEs

In recent research, it was shown that low concentrations of
acetonitrile (AN) (1%) in mixed electrolytes formed stable solid
electrolyte interphases (SEIs) on Li metal. As mentioned earlier,
the reductive stability of acetonitrile (AN) was improved in
concentrated (>4 M) salt solutions, as all of the acetonitrile
molecules were coordinated to Li* ions. In dilute solutions, the
lowest unoccupied molecular orbital (LUMO) is based on AN
molecules, while in super concentrated solutions, the LUMO is
localized on the TFSI™ anion, preventing reductive degradation
of the nitrile and suggesting plausibility of anion reduction
during charging.”

Seo et al.>® explored the solvation behavior and ionic asso-
ciation in acetonitrile-lithium salt mixtures, specifically focus-
ing on highly dissociated salts. They investigated the solid-state
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and solution structures of electrolyte mixtures composed of AN
with either LiTFSI or LiPF, using phase diagrams and Raman
spectroscopy. Both salts form a 6/1 AN/LiX crystalline phase,
not observed in salts with stronger ion pairing (i.e., less
dissociated salts). LiPF, creates crystalline phases with high
melting points, whereas LiTFSI forms phases that melt at lower
temperatures. As a result, (AN),-LiTFSI mixtures remain liquid
at —30 °C over a broad concentration range, while (AN),-LiPFs
mixtures, except for the most dilute, readily crystallize at
ambient temperature.

In dilute mixtures, LiPFs and LiTFSI exhibit high levels of
dissociation, respectively. When contact ion pairs (CIP) or
aggregates (AGG) form, bidentate coordination of Li* cations
is more prominent with TFSI™ anions than with PFs~ anions.
Quantum chemistry calculations and molecular dynamics
simulations further complemented this study. The thermal
phase behavior, spectroscopic analysis, and structural informa-
tion from crystalline solvates and simulations provide valuable
insights into the solution structure of these electrolytes.

Yamada et al®® discussed the development of a stable
electrolyte for fast-charging, high-voltage lithium-ion batteries
using acetonitrile. AN has intrinsically high oxidative stability
due to its low-lying HOMO energy level, making it resistant to
oxidation even at elevated voltages. However, its reductive
stability is typically poor in dilute solutions, where uncoordi-
nated molecules are reduced to cyanide species. In supercon-
centrated electrolytes (e.g., 4.2 mol dm ® LiTFSI in AN),
all AN molecules coordinate with Li*, shifting the LUMO
from AN to the TFSI” anion. This coordination suppresses
solvent reduction, stabilizing the electrolyte against lithium
metal and enabling reversible lithium plating and graphite
intercalation.”®

This stability facilitated reversible lithium metal deposition
and intercalation into natural graphite electrodes without
surface treatments, achieving near-theoretical capacities
(330 mAh g ') and suggesting that TFSI~ anions, rather than
AN solvent, form a protective surface film. Raman spectroscopy
and DFT-MD simulations revealed unique solvation structures
in superconcentrated solutions, where AN molecules coordi-
nate exclusively with Li" ions, and TFSI~ anions predominate in
the conduction band, explaining the enhanced stability and
reversibility observed experimentally. This “salt-concentrating”
strategy extends the utility of graphite electrodes to AN-based
electrolytes, highlighting their potential for high-performance
lithium-ion batteries.

3.4. DMF-based MOSSEs

Chinnam et al.>"** demonstrated a promising approach to
increasing the conductivity of soft-solid electrolytes by creating
crystals with channel walls that have a low affinity for the
enclosed ions. Specifically, NN DMF donors, with their soft
C—O0 functionality, interact poorly with hard Li" ions. The co-
crystallization of DMF with LiCl results in low-affinity ion
channels, enhancing the conductivity properties of the result-
ing organic solid-state electrolyte.
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Single-crystal X-ray diffraction of the 1:1 LiCl-DMF adduct
shows the formation of one-dimensional ionically bonded
Li,Cl, rhombs interacting with the DMF matrix. This structure
facilitates ion migration and results in a room temperature
conductivity of 1.6 x 10~* S em™'. Remarkably, despite their
hygroscopic nature, these DMF-LiCl crystals maintain their
integrity in airtight conditions and exhibit stable conductivity.
The conductivity decreases at elevated temperatures due to the
decomposition of DMF, and Nyquist plots reveal that the
conductivity is primarily attributed to bulk resistance rather
than grain boundary resistances.

In addition to lithium salts, the research group also
explored sodium-based MOSSEs. Specifically, they investigated
tris(N,N-dimethylformamide)perchloratosodium [(DMF);NaClO,]
cocrystals, which exhibit unique behavior under pressure and
temperature changes.>® These cocrystals can expel and reabsorb
DMF, forming a reversible stoichiometric solvate sponge crystal.
This property, along with a low activation energy for Na' ion
hopping (25 kJ mol '), enhances ionic conductivity and presents
potential for application in sodium-based solid-state batteries.

Molecular dynamics simulations and experimental techni-
ques were employed to explore the thermomechanical behavior
of these cocrystals, offering insights into their structural trans-
formations and ion conduction mechanisms. The simulations
showed that sodium ions conduct through a one-dimensional
channel and that their conduction is vacancy-driven. The
transference number for Na' ions is 0.43 at room temperature
and exceeds 0.5 at higher temperatures in the molten mixture.
The calculated activation energy for Na* ion diffusion from
molecular dynamics simulations is 45 kJ mol™', and the
minimum-energy path of Na' ion migration in the 3:1 crystal
provides a barrier of 33 kJ mol™* for Na* ion conduction, in
reasonable agreement with experimental values.>*>?

These studies underscore the potential of DMF-based
MOSSEs as solid electrolytes, especially when considering both
lithium and sodium ion conduction. However, challenges such
as thermal stability and optimizing the structural arrangement
for improved ionic conductivity remain areas for further
research.

3.5. Other MOSSE systems

Beyond DMF-based systems a range of other MOSSE architec-
tures have been developed by pairing lithium salts with struc-
turally diverse organic donors. One such example is an
isoquinoline-based cocrystal, which offers a markedly different
molecular framework and thermal behavior compared to DMF
solvates.

To further increase thermal stability and explore materials
with potentially better performance, an organic soft base,
isoquinoline (IQ), was selected. Isoquinoline, with its aromatic
rings, exhibits n-stacking interactions, attractive, non-covalent
forces between the delocalized electron clouds of adjacent
aromatic rings.”* These n-r interactions can enhance intermo-
lecular cohesion, contributing to the structural rigidity and
thermal stability of the assembled material. However, in the
case of IQ;-(LiCl),, n-n stacking plays a secondary role: the
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primary origin of the rigidity arises from the structural arrange-
ment of well-separated Li,Cl, clusters, which are isolated by
intervening IQ ligands and lack any continuous pathways for
molecular reorientation. This cluster separation and fixed Li—-Cl
coordination geometry strongly suppress the molecular mobi-
lity required for plastic or amorphous phases. In this case, the
crystal structure 1Qs-(LiCl), was formed, comprising Li,Cl,(iso-
quinoline) molecular units interconnected via edge-fused
Li,Cl, linkages. Single-crystal X-ray diffraction confirmed the
highly crystalline nature of the complex, with a well-ordered
three-dimensional framework that reflects its solid-state, non-
plastic characteristics. No evidence of amorphous or plastic
crystal phases was observed, reinforcing its categorization as a
rigid crystalline electrolyte.®*

Electrochemical impedance spectroscopy revealed that ionic
conduction within IQs-(LiCl), occurs predominantly through a
bulk hopping mechanism, rather than via segmental motion or
flexible pathways typically seen in polymeric or gel-like systems.
The measured activation energy for lithium-ion transport was
relatively high (67 k] mol™'), and the room-temperature con-
ductivity was poor (~1077 S em™ '), due to the large spatial
separation between LisCl, clusters imposed by the bulky IQ
ligands. This rigid structural arrangement, though beneficial
for thermal and structural stability up to ~100 °C, significantly
impedes ion mobility. As a result, the material lacks both the
plasticity and ionic conductivity required for high-performance
solid-state electrolytes, underscoring the trade-offs associated
with crystal engineering strategies that prioritize thermal
robustness over ionic transport pathways.’*

More recently, Fall et al.*” reported on (ADN),LiPFg, despite
the low solubility of LiPFs in ADN and the fact that the
preparation temperature exceeds the decomposition tempera-
ture of LiPFg. The complex shows adiponitrile-based channels
that facilitate the migration of -C= N- solvated Li" ions. This
material exhibits high ionic conductivity (~10"* S ecm ") and a
high lithium-ion transference number (¢;+ = 0.54). The crystal’s
surface nanolayer enables the easy formation of ionically conduc-
tive pellets. (ADN),LiPF, widens the electrochemical stability win-
dow (0 to 5 V) and demonstrates robust cycling performance in Li/
(ADN),LiPF¢/LiFePO, half-cells. Molecular dynamics simulations
and density functional theory calculations provided insights into
the electrolyte’s molecular properties.””

Unlike inorganic solid electrolytes, soft-solid crystals like
(ADN),LiPF, enable Li* ion migration mediated by organic
solvents present at the grain boundaries. Future improvements
in conductivity are anticipated through the synthesis of two-
dimensional (2D) or three-dimensional (3D) channel systems,
optimal solvent and anion engineering, and defect introduction
strategies.”’

Dokko et al.®® demonstrated that in highly concentrated
liquid electrolytes composed of LiBF, and sulfolane (SL), Li*
hopping occurs, deviating from conventional models like Onsa-
ger’s theory and Stokes’ law.®® This behavior was confirmed by
measuring self-diffusion coefficients using PFG-NMR, revealing
faster diffusion of Li" compared to SL and BF,  at SL/LiBF,
molar ratios <3.
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X-ray crystallographic analysis of the LiBF,/SL solvate (1:1)
and Raman spectra suggest that Li" ions are bridged by SL and
BF,~ even in the liquid state, facilitating Li" hopping from one
coordination site to another. This phenomenon, supported by
molecular dynamics simulations, suppresses concentration
polarization in lithium batteries, enhancing limiting current
density and rate capability. Their findings indicate that Li"
hopping in concentrated SL electrolytes represents a new
understanding of such unconventional systems, with potential
implications for improved battery performance.®® Franko et al.
have also reported similar behaviour in the case of ADN and
LITFSI as supported also by PFG-NMR and correlations of
binary phase diagrams and ionic conductivity isotherms.®® This
was explained by Abu-Lebdeh’s model for electrolyte solutions
where the sub-microstructal changes that take place at the
eutectic composition switch the transport mechanism from
vehicular to hopping.>®*>°%%7

In another study, Philippi et al.®® screened numerous anions
for lithium battery electrolytes with high lithium transference
numbers using a variety of theoretical and experimental meth-
ods. They compared anions based on their stabilization energy,
specific interactions with Li*, degree of fluorination, flexibility,
viscous flow near the glass transition, structural relaxation, ion
aggregation, and other properties. They focused on three
promising electrolytes: [Li(SL),][TfNMs], [Li(SL),][TfNCN], and
[Li(SL),][TfNAc], highlighting [Li(SL),][TfNCN] for its unique
behavior in forming cation-rich clusters due to the interaction
between its nitrile group and lithium cations.

The study found that to maximize lithium mobility, the
coordination tendencies of the solvent and anion should be
matched. Additionally, the authors addressed the significant
uncertainties in measuring Onsager coefficients, emphasizing
the need for well-defined and verifiable methods. Ultimately,
their findings suggest that there is no universally optimal
anion-solvent combination; success depends on the careful
selection and balance of both components.®®

These explorations of alternative MOSSE systems demon-
strate the potential of organic molecules beyond DMF to serve
as effective components in solid electrolytes. By tailoring the
molecular structure and interactions within these materials,
researchers aim to achieve higher ionic conductivities,
improved thermal stability, and better compatibility with bat-
tery electrodes, thereby advancing the development of high-
performance solid-state batteries.

4. MOSSE beyond lithium-ion
chemistry

Okamoto et al®® demonstrated that the [NaFSA]/[SL] = 1/1
electrolyte exhibited superior performance in sodium-ion bat-
teries, particularly when compared to the [NaFSA]/[G5] = 1/1
electrolyte. In Na/Nay 44MnO, cells, both electrolytes showed
reversible charge-discharge behavior with coulombic efficien-
cies exceeding 99%. However, the [NaFSA]/[SL] = 1/1 electrolyte
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delivered significantly better rate capability, sustaining higher
discharge capacities even at increased current densities.

This improved performance is attributed to the higher Na*
ion transference number and lower interfacial resistance,
which together enhance Na' ion migration and reduce over-
potential during electrochemical reactions. Furthermore, the
[NaFSAJ/[SL] = 1/1 electrolyte effectively suppressed reductive
decomposition at the hard carbon electrode, ensuring stable
operation for over 90 cycles. These findings underscore the
electrolyte’s potential to improve both the stability and perfor-
mance of sodium-ion batteries. The combination of efficient
ion migration, reduced overpotential, and enhanced stability
positions the [NaFSAJ]/[SL] = 1/1 electrolyte as a strong candi-
date for future advancements in sodium-ion battery technology.

Fall et al.*® investigated a solid electrolyte composed of
adiponitrile (ADN) and sodium perchlorate (NaClO,) in a 3:1
molar ratio, producing (ADN);NaClO,. This material exhibits
high thermal stability up to 150 °C and is melt-castable with a
melting temperature (Ty,) of 81 °C. The pressed solid demon-
strates a high ionic conductivity of 2.2 x 10™* S em™* at room
temperature, with a low activation energy of 22 kJ mol™'. The
high conductivity is attributed to low-affinity ion-conduction
channels and a nano-liquid layer at the grain boundaries.
Scanning electron microscopy and molecular dynamics simula-
tions suggest that this nano-liquid layer facilitates Na* ion
migration. Density functional theory calculations indicate that
ion conduction likely occurs through sodium vacancy defects
within a three-dimensional bulk conduction network, rather
than along grain boundaries.”® These observations are not
contradictory: the nanoliquid grain-boundary layer improves
interparticle contact and lowers macroscopic interfacial resis-
tance, thereby assisting overall pellet-level transport, whereas
DFT reveals that the intrinsic ion-migration mechanism is
dominated by sodium-vacancy hopping within the three-
dimensional crystalline bulk. Thus, the grain boundaries facil-
itate conduction at the mesoscale, but the bulk lattice remains
the primary ion-transport pathway.

A separate investigation by Kang et al®
potassium anodes and demonstrated significantly lower
charge transfer resistance compared to liquid electrolytes,
indicating more efficient charge transport. Galvanostatic
polarization measurements showed that cells with 1K9D, a
crystalline organic electrolyte composed of potassium
bis(fluorosulfonyl)imide (KFSI) and dimethyl sulfone (DMS)
in a 1:9 molar ratio, exhibited reduced polarization and a
higher K' ion transference number (0.75) compared to liquid
electrolyte (LE) cells (0.56).

Testing in K||KVPO,F cells revealed that 1K9D performed
better at lower current densities due to improved charge
transfer, its rate performance was slightly lower at higher
densities, likely due to slower ion conduction. These findings
underscore 1K9D’s excellent stability and compatibility with
potassium metal anodes, making it a promising material for
high-voltage potassium batteries. Enhancing its ionic conduc-
tivity and optimizing composition or operating conditions
could further improve its performance.®*
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5. Limitations of MOSSEs

Despite their advantages, molecular organic solid-state electro-
lytes (MOSSESs) face several challenges that hinder their prac-
tical application in commercial batteries. A primary limitation
is thermal stability; while MOSSEs are generally stable at moderate
temperatures, they can decompose or lose their crystalline structure
at elevated temperatures, leading to decreased ionic conductivity
and reduced battery performance.'* Most reported MOSSEs main-
tain structural and electrochemical stability only up to roughly 80—
150 °C. This is adequate for typical battery operating envelopes
(—20 to 55 °C, with safety tolerances up to ~90 °C), but below the
>200 °C stability often required of ceramic electrolytes used in
extreme environments. This thermal sensitivity raises concerns for
applications subjected to extreme temperature conditions.

Another critical issue is their reactivity with highly reactive
anode materials like lithium and sodium metals. MOSSEs may
exhibit insufficient stability when in direct contact with these
metals, potentially leading to dendrite formation or electrolyte
degradation, which compromises battery safety and lifespan.®®
Developing a stable solid electrolyte interphase (SEI) is essen-
tial for MOSSE systems; although strategies like increasing salt
concentration (as shown in AN-based systems) have shown
promise, achieving consistently robust SEI formation across
different molecular systems remains a significant hurdle. Simi-
larly, forming a stable cathode-electrolyte interphase (CEI) is
critical for high-voltage applications, where operation near or
beyond the electrolyte’s oxidative limit can trigger decomposi-
tion unless a protective CEI is formed. Without it, continuous
electrolyte breakdown leads to gas evolution, metal dissolution,
and cathode surface degradation, ultimately limiting cycling
life and voltage stability. This issue parallels earlier observa-
tions with AN-based systems, where poor SEI/CEI formation led
to instability unless the electrolyte was sufficiently concen-
trated to favor anion-derived interphase layers. Thus, both
SEI and CEI stabilization are key to unlocking the full electro-
chemical potential of MOSSEs.*?°"1¢2

Scalability and manufacturing present additional obstacles.
The precise control required in synthesizing MOSSEs to achieve
the desired crystalline structures is challenging to replicate on
an industrial scale. Integrating MOSSEs into existing battery
production processes would likely necessitate substantial mod-
ifications, increasing costs and complexity.'""'* Furthermore,
the high costs associated with high-purity solvents and salts
needed for MOSSE synthesis can be prohibitive,'* making them
less economically competitive compared to established electro-
lyte technologies.

Another practical hurdle for MOSSEs is the manufacturing
of thin, uniform electrolyte films suitable for battery assembly.
Solid-state cells demand electrolytes on the order of tens of
micrometers thick (comparable to ~20 pm polymer separators)
to maximize energy density.'”® However, forming MOSSEs as free-
standing films is non-trivial. These electrolytes are often discovered
as crystalline salts or solvates that require precise stoichiometry
and may contain volatile components, precluding high-temper-
ature processing or vapor-deposition techniques. Unlike polymer
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electrolytes that can be easily solvent-cast, pure MOSSE materials
lack an inherent polymeric matrix and thus tend to be mechani-
cally fragile or dimensionally unstable in thin film form. For
instance, succinonitrile - a plastic-crystalline MOSSE component,
can act as a soft plasticizer; at high concentrations the dimensional
stability and strength of an electrolyte membrane are compro-
mised. Utilizing porous supports is an emerging solution to the
thin-film challenge faced by MOSSEs. Rather than attempting to
fabricate freestanding films, which are often brittle and dimension-
ally unstable, researchers have demonstrated that MOSSEs can be
infiltrated into porous scaffolds that provide mechanical reinforce-
ment and processability. In this approach, a microporous
membrane or fibrous substrate is typically dipped into or soaked
with a liquid or molten MOSSE precursor, which subsequently
solidifies within the scaffold’s voids. The result is a reinforced
composite electrolyte, wherein the structural framework supplies
flexibility and dimensional stability, while the infiltrated MOSSE
phase forms continuous ion-conducting pathways. For example,
one study infused an electrospun PVDF-HFP fiber mat with a
succinonitrile-LiTFSI-based MOSSE, achieving a high room-
temperature ionic conductivity of approximately 1 mS cm™" with-
out the presence of any free liquid."** The fibrous PVDF-HFP matrix
preserved the mechanical flexibility of the membrane, while the
interconnected SN-LiTFSI domains within the pores ensured rapid
lithium-ion transport throughout the structure. Similarly, in situ
polymerization of a succinonitrile-based MOSSE inside a commer-
cial glass-fiber separator resulted in a composite electrolyte film
with a conductivity of around 0.78 mS cm™ ' at ambient
conditions.'®” The glass-fiber scaffold, in this case, provided rigidity
and prevented deformation, while the embedded solid MOSSE
phase facilitated ionic conduction across the membrane.'*

In another recent example, a lamellar metal-organic frame-
work (MOF) was used as a nanoporous host to confine a LiTFSI-
succinonitrile MOSSE.'*® The resulting composite electrolyte,
referred to as LSN-MOF, achieved an ionic conductivity of 7.4 x
107* S em ™' at 25 °C and remained electrochemically stable
against lithium metal. Notably, the MOF’s nanoscale channels
induced oriented alignment of the succinonitrile molecules,
which not only enhanced structural integrity and suppressed
electrolyte leakage but also preserved high ionic conductivity by
facilitating directional ion transport."”® Even commercially
available polymer battery separators have proven effective as
porous hosts for MOSSEs.'®” For instance, a Celgard 2325
trilayer separator, composed of microporous polypropylene
and polyethylene, was impregnated with a polymer-succinoni-
trile-LiTFSI formulation through a simple dip-coating process.
Upon drying, the pores were filled with a solid electrolyte phase
that maintained high ionic conductivity and offered improved
thermal stability, while the inherent tensile strength of the
Celgard film provided robust mechanical support for thin-film
handling and integration into solid-state cell assemblies.""”

Another significant challenge is achieving good interfacial
contact between MOSSE films and electrode surfaces. Solid-
state batteries using MOSSEs often suffer from high interfacial
resistance at the cathode.'”® The crystalline MOSSE may not
conform perfectly to electrode microstructures, leading to
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contact gaps or point contacts that impede ionic transfer.
Additionally, some MOSSE components can decompose or lose
integrity when directly in contact with reactive electrodes at
operating potentials. Recent studies emphasize that specialized
fabrication steps are needed to form stable interfaces. For
example, Watanabe et al.'®® found that adding an ultrathin
LizPO, interlayer between a succinonitrile-based MOSSE
(Li(FSA)(SN),) and a LiCoO, cathode dramatically reduced the
interface resistance (to ~24 Q cm?, comparable to liquid-
electrolyte cells) and suppressed side reactions, enabling stable
cycling up to 4.3 V. Such interface engineering, along with
applying pressure during cell assembly to ensure intimate
contact, is often required to fully leverage MOSSEs in a battery.
Incorporating a percentage of MOSSE as a catholyte in the
composite cathode has shown remarkable improvements to the
cathode-electrolyte interface.'*

Compatibility with existing battery components is also a
concern. Incorporating MOSSEs may require the development
of new electrode materials or configurations to ensure optimal
performance, adding to the time and expense of battery devel-
opment. Addressing these challenges will require focused
research efforts to develop MOSSEs with enhanced thermal
and chemical stability, scalable synthesis methods, and cost-
effective materials. Innovations in material science and manu-
facturing processes could enable MOSSEs to transition from
laboratory research to practical commercial applications, ulti-
mately contributing to safer and more efficient energy storage
systems.

6. Future directions and research
opportunities

Advancing MOSSE technology will require targeted research
into developing new molecular structures and compositions.
Exploring novel combinations of solvents and salts has the
potential to enhance the thermal and electrochemical stability
of MOSSEs, addressing current performance limitations but
this is not the only way forward. Instead of relying on sequen-
tial trial-and-error identification of compatible salt-solvent
pairs, future MOSSE research can leverage predictive numerical
methods to streamline electrolyte design. In particular,
analysis frameworks based on Hansen solubility parameters
(HSPs) offer a quantitative means to evaluate component
compatibility.’*>'*° Hansen’s approach breaks a substance’s
solvation characteristics into dispersion, polar, and hydrogen-
bonding contributions, allowing researchers to predict whether
a given solvent will effectively dissolve or co-crystallize with a
particular salt. This parameter-driven analysis can identify
promising solvent-salt combinations computationally, narrow-
ing down candidates prior to laboratory synthesis. Recent work
has even extended HSP techniques to ionic liquids using
Walden plot data, underscoring the broad utility of such
predictive approaches for ion-solvent systems. By incorporat-
ing HSP-based compatibility predictions into MOSSE design,
the development process can be accelerated - reducing
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experimental iterations and focusing efforts on the most viable
electrolyte formulations. Overall, shifting towards such data-
driven modeling tools could significantly cut down the time
and resources needed to discover next-generation MOSSE
materials. Researchers are actively investigating ways to tailor
solvate structures to optimize ion transport properties and
minimize reactivity with battery components.'*"'% A key focus
area is improving the ionic conductivity of MOSSEs. This may
involve designing electrolytes with 2D or 3D ion-conducting
channels, optimizing solvent and anion combinations, or
introducing defects into the crystal lattice to facilitate ion
migration.”>*” Enhancing ionic conductivity is crucial for
achieving higher battery performance and efficiency. Improv-
ing the interfacial properties between MOSSEs and electrode
materials is another important aspect. Strategies such as
designing additives that form stable, conductive interphases
or creating protective coatings to prevent electrode degradation
can increase MOSSE versatility and efficiency, making them
more applicable across a broader range of battery systems.®%°
These approaches aim to reduce interfacial resistance and
enhance compatibility with various electrode materials.

Addressing scalability and economic feasibility is also criti-
cal. Developing cost-effective synthesis methods and utilizing
more readily available materials could make MOSSEs more
viable for commercial applications.'? Efforts to simplify pro-
duction processes and reduce material costs are essential to
facilitate large-scale manufacturing and adoption.'**

Expanding the application of MOSSEs to beyond-lithium
systems presents additional opportunities. MOSSEs hold con-
siderable promise for significantly improving the performance
and safety of all-solid-state batteries (ASSBs). Their ability to
provide a stable, high-conductivity electrolyte could enable the
use of high-energy-density anode and cathode materials, result-
ing in batteries with greater capacity and longer cycle life.*
Additionally, MOSSEs offer enhanced safety features, such as
improved thermal stability and reduced risk of dendrite for-
mation, aligning well with the demands of next-generation
battery technologies.

Integrating MOSSEs into ASSBs could lead to more robust
and reliable energy storage systems, fostering advancements in
electric vehicles, portable electronics, and renewable energy
storage solutions. Continued research and development in this
area could drive innovation across multiple industries, ulti-
mately leading to more sustainable, high-performance battery
technologies.

7. Conclusions

The exploration of molecular organic solid-state electrolytes
(MOSSEs) reveals a versatile and under-recognized class of
materials capable of addressing long-standing limitations in
solid-state ion transport. By leveraging weakly coordinating
organic molecules to build soft-crystalline, ion-conducting fra-
meworks, MOSSEs occupy a unique middle ground between
rigid inorganic ceramics and low-conductivity polymers. Their
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structural diversity spanning glyme solvates, succinonitrile
plastic crystals, adiponitrile-based systems, superconcentrated
acetonitrile cocrystals, and related donor-salt architecture-
s—demonstrates that organic molecular design can yield solid
electrolytes with competitive conductivities (often 10™*-107° S
ecm™ '), melt-processability, and mechanically compliant lattices
that can adapt to electrode interfaces.

Among the MOSSE systems surveyed, several families
emerge as particularly promising depending on the targeted
performance metric. Glyme-based solvates remain among
the most mature, offering well-defined stoichiometries,
persistent cation-solvent coordination motifs, and oxidative
stability extending to ~5 V, with ionic conductivities in the
107%-10"° S em ™' range. Succinonitrile-based plastic crystals
stand out for their exceptional mechanical compliance, high
dielectric screening, and melt-castability, which together facil-
itate low interfacial resistance and robust ion transport.
Adiponitrile-based crystalline systems provide a compelling
balance of conductivity, broad electrochemical stability win-
dows, and demonstrated Na'/Li" transport in practical cells
aided by nano-liquid grain-boundary layers. Superconcentrated
acetonitrile-based MOSSEs further distinguish themselves by
achieving remarkable anodic stability and compatibility with
lithium metal through anion-derived interphases.

Importantly, solvate-based MOSSEs form a structurally dis-
tinct subset whose microstructure is fundamentally dictated by
phase-diagram positioning. At the precise solvate composition,
the salt and solvent co-crystallize into stoichiometric, single-
phase lattices where solvent molecules become integral com-
ponents of the crystal architecture. This generates uniform
coordination environments, well-aligned ion-transport chan-
nels, and intrinsic or thermally activated vacancy-mediated
pathways. These ordered microstructures explain the high
thermal stability, reproducible transport behavior, and melt-
castability observed in systems such as LiTFSI-:3DME,
(G2),:LiTFSI, and ANg:LiX phases. Off-stoichiometric composi-
tions, in contrast, frequently yield biphasic or metastable solids
with reduced and less predictable electrochemical perfor-
mance. Systematic exploration of solvate ratios across full
salt-solvent phase diagrams therefore represents a particularly
powerful route for discovering next-generation MOSSEs. The
solvate points, not arbitrary mixtures, mark the compositions
where the most stable crystal structures, most efficient trans-
port pathways, and most favorable interfacial behaviors
emerge. Expanding this library across donor families and anion
chemistries could unlock MOSSE candidates with tailored
conductivity, enhanced stability, and improved processability.

Despite their promise, several challenges remain, most
notably thermal stability limits for certain donor molecules,
mechanical fragility in thin-film geometries, and chemical
reactivity at high-voltage or lithium-metal interfaces. None-
theless, recent progress in interphase engineering, composite
scaffolding, and melt-casting strategies highlights practical
pathways toward addressing these barriers. Collectively, the
soft-crystalline nature, tunable structural motifs, and favorable
transport characteristics of MOSSEs position them as strong
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contenders for enabling safer, more efficient, and higher-
energy solid-state Dbatteries. Continued interdisciplinary
research, bridging molecular design, electrochemistry, and
device engineering, will be essential to realizing the full tech-
nological potential of this emerging electrolyte family.
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