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Optimizing lonic Liquids for
Broad Applications

lonic liquids are organic salts with extraordinarily low melting
points. Most representatives of this modern class of materials
are liquid under ambient conditions. Low temperature molten
salts combine the characteristics of conventional molecular
liquids with those of classical high temperature molten salts,
resulting in a unique combination of properties. The features
of ionic liquids include intrinsic conductivity, good dissolution
capacities, negligible vapor pressure and often high chemical,
thermal and electrochemical stability. Thanks to this range of
properties, ionic liquids have transformed from an academic
curiosity to being implemented in or considered for a broad
range of applications. These implementations also include
many sustainable technologies, for instance electrochemical
devices, the exploitation of renewable resources, or processes
that save chemicals and energy.

Each potential application has specific requirements for the
combination of properties the ionic liquid must have to improve
the results. The chemical space available for modifications of
ionic liquids is extremely large. Hence, the investigation of
structure-property relationships is indispensable to facilitate
the design process. As part of this optimization, two inherent
limitations of ionic liquids compared to their molecular coun-
terparts must be considered. The first limitation are their melt-
ing points, as many representatives are solid at room temper-
ature, akin to classical molten salts. This of course limits their
usage where the liquid state is a prerequisite. The second dis-
advantage is the comparatively high viscosity that is generally
at least one order of magnitude higher than those of molecular
solvents. Viscosity is reciprocally connected to other dynamic
properties, hence a decrease in the viscosity of ionic liquids
also increases their conductivity and mass transport, which
is generally desired, especially if ionic liquids are used for in-
stance as electrolytes or as medium for substance transport
or reactions.

Our research mainly focuses on the structure-property relations
of ionic liquids by combination of chemical synthesis, various
characterization techniques, spectroscopic measurements
and computational methods (Fig 1a)). Functional groups are
commonly incorporated into the organic cation of ionic liquids
as a chemical tool for modifying the substance behavior via
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the molecular structure [1]. In contrast, tuning the ionic liquid
properties via the anion constitution demands quite different
strategies [2]. Unfortunately, a very general trend is that the
melting points of ionic liquids increase upon cation functional-
ization, while their dynamics slow down. These findings mainly
result from unfavorable electronic and steric effects resulting
in higher interionic interactions induced by the functionaliza-
tion. However, there is one functional group where the contra-
ry is observed — the ether group. The incorporation of ether
groups in the side chains of ionic liquids significantly accel-
erates dynamics (exemplarily shown in Fig. 1b)) and lowers
liguefaction temperatures. Even more, crystallization is not
observed for many samples, but rather only glass formation
at low temperatures, thus expanding the temperature range of
these ionic liquids. We could show in various works, that these
beneficial properties are systematically observed for different
types of cations and anions as well as different positions of
the ether oxygen in the side group. Furthermore, the effect is
enhanced by increasing the number of ether side groups [3].

By combining experimental and computational methods we
were able to rationalize the findings as the result of an altered
cation conformation. While the alkyl groups attached to the
positive charged cation center (ammonium or phosphonium)
preferred a linear conformation, the ether group adopted a min-
imum of the N-C-C-O dihedral angle of approximately 60° lead-
ing to a curled cationic structure (Fig. 1¢)). This curled structure
reduces the size of the cation and gives a more spherical geom-
etry, which is favorable to increase dynamics. Furthermore, the
conformation of the ether side chains also shields the charged
cation center. This leads to decreased and less specific inter-
ionic interactions (Fig. 1d) + e)) accompanied with increased
configurational entropy, destabilizing the crystal lattice and in-
creasing molecular motion. In addition, we were able to iden-
tify that the formation of intramolecular hydrogen bonds and
non-specific long-range interactions contributed approximately
equally in the formation of the curled cation structures.

In summary, structure-property relations are necessary to
obtain insights into the vast and highly diverse class of ionic
liquids, where an intricate interplay between molecular compo-
sition and macroscopic properties is common. The shared goal
within the community is to find highly fluid ionic liquids with
wide temperature windows, as such ionic liquids are required
for a broad range of applications. We found that the function-
alization of ionic liquid cations with ether groups, especially us-
ing multiple ether side chains, fulfills these requirements and
identified the altering of the cation conformation as the under-
lying reason for the property boost. Tuning properties by ion
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Fig. 1: a) Combination of methods to investigate the structure-property relations of ionic liquids. b) Markedly lowered viscosity of the ether ionic liquid compared
to the alkylated counterparts (various anions shown with the same symbols). c) Altered minima of the N-C-C-X dihedral angle leading to a change in the conforma-
tion of the cation. The ether side chain (X = 0) adopts a curled geometry, while the energetic minimum for the alkylated group (X = CH,) is the linear conformation.
Spatial distribution functions of the anions (bis(trifluoromethanesulfonyl)imide) obtained from molecular dynamics simulations for d) the cation with three ether
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side groups (tris(2-methoxyethyl)methylammonium) and e) with alkyl side chains (tributylmethyl ammonium cation).

conformation therefore adds a novel and powerful strategy to
the molecular design of ionic liquids towards specific technical
implementations.
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