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Ionic liquids (ILs) are organic salts that remain liquid in
absence of a solvent over a wide range of temperatures, often at
room temperature. This chapter summarizes the progress in
understanding colloidal interactions mediated by ILs and their
electrical double layer (EDL) based on experimental
observations and theory. It is well known that short-range
oscillatory forces in ILs originate from the overscreening
provided by ion layers that accumulate close to the charged
surface. In contrast, the origin of the more surprising long-range
decaying force is not well understood yet. There is experimental
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and theoretical evidence opposing the originally proposed
dilute behavior of ILs, arising from either ion pair formation or
solvent/voids/alkyl tails being the effective charge carrier.
Here, we overview experiments and theory that supports an
alternative explanation of this long-range force based on ion
aggregation.

Introduction

Tonic liquids (ILs) are organic salts with low melting points.!* That is, they are
composed solely of anions and cations —making them highly concentrated
electrolytes— with at least one of the ions being large, polyatomic, and non-
uniformly charged. ! The large size of the ions, often with flexible and/or
asymmetric molecular structures, introduces large conformational and
configurational entropy, and weakens the electrostatic correlations between ions.
These characteristics hinder the formation of crystal lattices, which results in a
low liquidus temperature, often below room temperature.! ILs have generated
great excitement in energy storage research, in large part thanks to their wide
electrochemical stability window and chemical tunability.! 7 In the last decade,
research on the interfacial behavior of ILs has become one of the fastest-moving
fronts in interfacial science.®” Moreover, the design versatility and tunable
properties enable their application in a variety of other areas, including
lubrication,® and catalysis.’

Colloidal interactions mediated by electrolytes not only play a central role in
many fields of application such us nanoceramics fabrication, water treatment,
food industry, as well as in biological research,'® but also provide fundamental
insight into the properties of the electrolyte. Horn’s pioneering force
measurements using a surface forces apparatus in a protic IL, ethyl ammonium
nitrate (EAN), demonstrated the arrangement of ethyl ammonium and nitrate ions
in molecular layers in close proximity to the atomically smooth and negatively
charged surface (mica).!! About twenty years later, Atkin and Warr revealed
molecular layers at the interface between protic and aprotic ILs, and mica, silica
and graphite.!? Shortly later, Metzger et al.’s synchrotron X-Ray reflectivity
measurements probed the oscillatory electron density profile of two aprotic ILs
on a sapphire surface with A resolution.'® Since then, many more studies have
proved that ions arrange in layers at smooth IL-solid interfaces (see review in ref.

8)'
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In 2013, the measurement of colloidal forces in ILs, which decay exponentially
from a charged surface with a length scale (~10 nm) that is orders of magnitude
larger than the expected Debye length for a highly concentrated electrolyte (~0.1
nm), surprised the interfacial science community and challenged the broadly
accepted paradigm of electrical double layers in superconcentrated electrolytes. !>
17 These forces have been assumed to be of electrostatic origin and their large
decay length has been postulated to originate from a renormalization of the charge
carrier concentration and to obey a scaling law with the permittivity of the liquid
and temperature.'® However, the origins of this renormalization are not well-
understood, and in fact, directly contradicts many other experimental
measurements.!> An emerging consensus is that non-electrostatic intermolecular
forces also play a crucial role, and that their interplay with the electrostatic forces
leads to the formation of rich mesoscale structures that determine the surface
mediated interactions. This chapter describes this emerging consensus.

Experimental Observations

This section is organized as follows. We first describe the short-range structural
(solvation) force mediated by ILs, and how the solvation layers inferred from
them respond to an applied potential. Next, we summarize the main findings with
regard to the long-range surface forces, initially thought to be the electrostatic
double layer force of a dilute electrolyte. We conclude this section with additional
experimental observations that provide evidence for an alternative origin of this
long-range force.

Short-range structural (solvation) forces mediated by ILs

Using Surface Forces Apparatus (SFA), Horn et al. studied the surface forces
mediated by ethylammonium nitrate (EAN) and its mixtures with water, between
two mica sheets.!! As expected, the surface forces for dilute solutions of EAN in
water are well described by the DLVO theory'® (Fig. 1a). That is, the decay length
of the electrical double layer force agrees well with the Debye length determined
by the Debye-Hiickel theory for a dilute electrolyte. As the concentration is
increased, the change in the force curves was described in the context of
counterion adsorption (cation binding to a negatively charged surface) according
to the ion-exchange model proposed by Pashley,? and revised by Miklavic and
Ninham.?! That is, cation adsorption in the Stern layer reduces the effective
surface charge, and thereby, the length scale of the interactions. Based on this
model, at concentrations of ~ 1 M, the effective surface charge becomes

Beyond DLVO theory Printed 4/29/23 3



negligible, and the electrical double-layer repulsion becomes so short-ranged that
the overall surface force is dominated by the van der Waals attraction (Fig. 1b).
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Figure 1. Surface forces between mica surfaces in EAN at various concentrations
in water, a) 0.1 M, and b) 10% w/v (1 M) EAN in water, and c) pure EAN (11.2
M). Adapted with permission from reference 11. Copyright 1988 American
Chemical Society.

These pioneering force measurements also showed that, at volume fractions of
EAN larger than 50% (5.7 M), the force profile becomes oscillatory. The spacing
of the oscillations was determined to be ~ 0.5-0.6 nm, independently on the
concentration. More oscillations were measured as the volume fraction of EAN
increased. For pure EAN (100%, 11.2 M), the force profile showed 8-9
oscillations upon approach of the surfaces from a distance of ~ 5 nm (Fig. 1c).
This short-range structural force is similar to the solvation force found in nonpolar
solvents that organize in molecular layers at the solid-liquid interface. The size of
the oscillations is also close to the size of an ion pair, and hence, they point at the
formation of molecular/ion layers —often referred as solvation layers— in the
proximity of the mica surfaces, which are squeezed out as the surfaces approach
each other.

Atomic Force Microscopy (AFM) was used several years later by Atkin ef al. to
measure the force between SizNs tips and various surfaces (mica, silica, and
graphite) in three room-temperature ILs;!? see example in Fig. 2a. The force
revealed an oscillatory component, with the size of the oscillations corresponding
to the dimension of the ion pair, in qualitative agreement with Horn’s
measurements. The comparison of force-distance curves revealed that surface
charge, roughness and molecular structure of the IL influences the formation and
characteristics of the ion layers, i.e., surface charge promotes layering, while
roughness disturbs it. Thus, the greatest number of interfacial (solvation) layers
with EAN was observed on highly charged, atomically smooth mica. An increase
in IL flexibility via longer alkyl chains (e.g., propyl ammonium instead of ethyl
ammonium) led to fewer and more compressible layers. Stronger layers were
found to form on graphite with IL ions that had longer alkyl groups, since they
enhance the attractive interactions with the surface. The orientation of the ions
also affected interfacial layering, e.g., imidazolium cations adopt a flat orientation
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on graphite to maximize the interaction between the surface and the alkyl group
which significantly promotes the formation of ion layers. Fewer layers were
detected on mica and silica because imidazolium cations are orientated with the
ethyl group facing the bulk due to electrostatic interactions with these charged
surfaces.
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Figure 2. a) Surfaces forces measured with an AFM tip approaching a mica
surface in EAN. Adapted with permission from reference 12. Copyright 2007
American Chemical Society. b) Surface forces between mica surfaces in
[C2CiIm][EtSO4] measured by SFB. Reproduced with permission from reference
22 Copyright 2010 Royal Society of Chemistry. c¢) Surface forces between mica
surfaces in [C2CiIm][FAP] at 0 and 37% RH. Abbreviations: FAP=
tris(pentafluoroethyl)trifluorophosphate. Adapted with permission from reference
2, Copyright 2014 American Chemical Society.

IL-mediated surface forces were also investigated by Perkin ef al. using a surface
force balance (SFB,?* similar to SFA?) and 1-ethyl-3-methyl imidazolium
ethylsulphate (abbreviated as [C2C1Im][EtSO4]).2 These measurements were in
agreement with Horn’s earlier measurements and confirmed the oscillatory nature
of the short-range interaction — also called oscillatory structural force or simple
structural force— between mica surfaces (Fig. 2b). These studies also
demonstrated that, in the regime of low pressures (<1 MPa), the coefficient of
friction —i.e. the ratio between friction force and normal load— is 1-2 orders of
magnitude smaller than for analogous thin films of non-polar molecular liquids,
including standard hydrocarbon lubricants. It thus appears that the confined films
of ILs are sufficiently robust under shear due to the strong coulombic interactions
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between ions and the surface, and they remain confined between the surfaces at
high applied pressures. For more information about the behavior of ILs under
shear and their tribological properties, we refer the readers to a review by
Espinosa-Marzal ef al 8.

When ILs are exposed to humid air, they absorb water. The first studies of the
influence of water uptake on the colloidal forces mediated by ILs were carried out
in 2014 by Espinosa-Marzal et al. using an extended SFA.?*2° The extended SFA
(abbreviated eSFA) is a fully automatized instrument with higher thermal and
mechanical stability than conventional SFAs.?”” The eSFA also has a greater
precision in distance measurement (~25 pm) than conventional SFAs due to the
use of a numerical method —fast spectral correlation— to evaluate the transmitted
interference signal. In an eSFA, the mica surfaces approach at constant velocity
very slowly (~1-3 A/s) and the oscillatory component of the force appears as a
step in the force profile, like in AFM measurements. These measurements
showed, for various hydrophilic and hydrophobic ILs, that the enrichment of
water molecules at the IL/mica interface influences both the layered structure of
the nanoconfined IL, the force (Fig. 2¢), and the dynamics of the squeeze-out of
the layers. Interfacial water appears to change both the ion-pair orientation and
the slip condition for the squeeze out of layers (so-called film-thickness
transitions), that is, the resistance of the IL layers against being squeezed out.
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Figure 3. Layer sizes and force applied to squeeze out IL layers in a)
[C2CiIm][TFSI], [C4CiIm][TFSI] and [CeCiIm][TFSI] and b) [C2CiIm][FAP],
[CeCilm][FAP] and [CoCilm][EtSOs4].  Abbreviation:  1-n-alkyl  3-
methylimidazolium [CiCilm]*, with n=2, 4 and 6 for ethyl, butyl and hexyl,
respectively;  [TFSI]=bis(trifluoromethanesulfonyl)imide. =~ Adapted  with
permission from reference 8. Copyright 2018 American Chemical Society.

The thickness of the interfacial IL layers (A, Fig. 3) can be inferred from the

oscillation spacing (Fig. 2b) or from the average step size in the force profile (Fig.
2a and 2c¢). For instance, A is ~0.75 nm for [C2CiIm][TFSI],?® which agrees well
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with the corresponding ion pair diameter ({1~0.74 nm) and is consistent with a
layered structure composed of cations and anions alike. In contrast, the larger size
of the layers for [CsCiIm][TFSI] (A~1.28 nm) compared to ~0.78 nm is
attributed to a “bilayer” structure as a result of the higher amphiphilicity of this
IL.? The bilayer consists of two [CsCiIm]* cation layers, with the hexyl chains
facing each other, and intercalated balancing anions. This is reminiscent of the
solvophobic nano-segregation of polar and apolar domains in unconfined (bulk)
ILs, which yields a long-range (mesoscopic) continuous sponge-like structure,
highlighting the relation between bulk and interfacial nanostructure. More about
the IL nanostructure in the bulk will be described later.

Later studies investigated the influence of confinement and water on the effective
viscosity of the nanoconfined ILs (D<5 nm).? 3132 [L films with thickness of a
few ion pair diameters exhibit an increase in effective viscosity by 1-3 orders of
magnitude compared to the bulk IL. This increase depends significantly on the
molecular structure of the IL, e.g., ILs with more flexible polyatomic ions, such
as those with longer alkyl chains in the cation, are more prone to have higher
effective viscosities. These studies revealed that nanoconfined ILs can behave
solid-like (in terms of rheology or flow characteristics), which is expected to have
implications on the flow behavior of ILs in nanoscopic spaces. It was also shown
that water uptake can notably reduce the magnitude of the effective viscosity of
the nanoconfined IL films. However, this is out of the scope of this work and will
not be further discussed.

Solvation layers respond to applied surface potential

The first AFM force measurements that investigated ILs on an electrode surface,
Au(111), as a function of applied surface potential were reported by Hayes et al.
in 2011.3* These studies revealed the number of ion pair layers at the interface
increased with the electrode potential, while the innermost layer contracted and
became more strongly bound to the surface. This is consistent with the surface-
enrichment of counterions that are electrostatically attracted to the electrified
surface. This study demonstrated that the surface potential and electrostatic
interactions can tune the composition of the interfacial layers. Consistent with this
argument, the results also indicated that parameters like ion size, localization of
charge, and distance between the electrode and ion can influence the IL interfacial
structure, since these parameters influence the strength of the electrostatic
interaction. Based on the bulkier molecular structure of the anion [FAP]
compared to the two investigated cations, force measurements showed that
negative potentials (with cations as counterions) led to more ordered interfacial
layers compared to negative potentials. The two selected cations were smaller,
and exhibit more localized Coulombic charge, and reduced distance from the
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Au(111) surface charges, compared to [FAP]". Intermolecular interactions other
than electrostatic have been found to also significantly influence the interfacial
structure of ILs.**3% As an example, imidazolium cations can remain adsorbed on
graphene electrodes even at positive bias.** ¢ It thus appears that the subtle
balance of electrostatic and non-electrostatic interactions dictates the interfacial
composition.

Long-range surface interactions in highly concentrated electrolytes.

The picture that emerged from earlier force measurements was consistent with
what was known of a highly concentrated electrolyte, i.e., a collapsed diffuse layer
with a Debye length < 1 nm. Force measurements described in previous sections
had revealed a solvation force with a short-range oscillating decay profile,
suggesting that, at an electrified interface, the charge would be stored within a
few ion layers.

In 2013, Israelachvili’s group reported the first SFA measurements of a long-
range force in [C4CiIm][TFSI].!* The decay length of this force was ~ 11 nm,
approximately 100x larger than the expected Debye length of the electrolyte, and
the sign of the long-ranged force changed with the applied potential to the gold
surface, suggesting it was a force arising from overlapping double layers through
a diffuse layer. To rationalize these results, it was proposed that the IL behaves
as a dilute electrolyte solution, as most of the ions were bound up in a network
formed of neutral ion pairs, assumed not to screen the charged surface, with only
an extremely small number of free ions, not bound up. Using the obtained
screening length and the equation for the Debye screening length of dilute
electrolytes, the authors estimated the percentage of free ions to be less than 0.1%
within the diffuse layer, which is representative of the bulk composition of the
electrolyte according to the Debye-Hiickel theory. A subsequent study by the
same group ¥’ demonstrated that, as shown in Fig. 4, the decay length of the long-
range force decreases with increasing temperature, reflecting an increase in the
concentration of free ions, supporting the picture of a diffuse double layer and
describing the equilibrium between free ions and a network of neutral ion pairs.
This long-range force was reported to be modified by the presence of water (Fig.
2¢).
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Figure 4. Surface forces across (A) [C2CiIm][TFSI] at T= 22 °C and 50 °C, and
(B) [C3CiIm][TFSI] at T = 22 °C and 45 °C, using the nomenclature for ILs in
this article. Reproduced with permission from reference 3’. Copyright 2015
National Academy of Sciences of the United States of America.

These results came as a surprise to the field, since these long-ranged forces were
not measured in earlier SFA/SFB experiments. Moreover, based on contrasting
results of short-range vs. long-range surface forces mediated by ILs, Perkin and
Israelachvili’s groups*3° debated the question whether ILs should behave as
“strongly dissociated and, hence, uncorrelated electrolyte” or “as an effectively
neutral, coordinated cation—anion network that exists in equilibrium with a small
fraction of effectively dissociated ions” — as quoted in ref. *°. The latter implies
that only a small fraction of the IL ions contributes to the electrostatic screening
of electrified surfaces, “while the majority of the remaining ions behave like
neutral aggregates similar to a solvent,” as proposed by Gebbie et al. 1*.

Subsequent force measurements using a SFB by Perkin’s group showed similar
long-range forces between mica surfaces for a wide range of highly concentrated
electrolytes, including ILs and aqueous salt solutions.!” Perkin’s group found that
the decay length decreases with increasing concentration until ~1 M is reached (in
the dilute regime), and then the decay length was found to increase with
concentration (in the concentrated regime). Upon plotting the decay length over
the theoretically expected Debye length (4,) as a function of the “length scale of
an ion” (d) over A4, it was found that the different electrolytes appeared to

. . . . i
collapse onto a single, universal curve. In the dilute regime, one finds A—s =1, but
d

3
the scaling relationship was found as j—s « (Ai) in the concentrated regime (Fig.
d d

5). The origin of this scaling relationship has been intensively investigated, as
outlined in the theory Section.!®
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We note, however, that deviations from this scaling relationship have been
reported for both pure ILs and mixtures of ILs and water,? 3> 404> showing that
the decay lengths extracted from the long-range forces do not always fall onto the
universal law suggested by Perkin’s group. Similarly, comprehensive AFM
measurements between smooth silica surfaces using chloride salts of various
alkali metals in the range from 1 mM to 5 M, showed no indication of anomalous
long range electrostatic forces at temperatures of 25 °C and 45 °C, but instead
attractive van der Waals interactions at tip-sample separations of ~2 nm and
beyond for salt concentrations of 1 M and higher. *

This calls for alternative analysis and understanding. Moreover, the proposed
scaling law requires that the length scale of ions is well known. In the context of
ILs, the cation and anion are often of drastically different sizes, and even further,
the cation and anion are usually neither symmetric nor have roughly spherical
shapes, but their molecular structures are instead, complicated, floppy and oblong.
This indicates that there is uncertainty in knowing this parameter for ILs, which
is reflected in the spread of the values for neat ILs on this curve. Therefore,
amongst other issues discussed in the theory Section, alternative analysis is sought
to understand these long-ranged forces.
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Figure 5. Experimental decay length over the Debye length, Aexp/Ap, versus d/Ap
for [C4C1Pyrr][NTHf2], its mixtures with propylene carbonate, aqueous NaCl, LiCl,
KCl, and CsCl solutions. Adapted with permission from reference 17. Copyright
2016 American Chemical Society.

Ion aggregation model
It is well-accepted that IL ions self-assemble in the bulk and can form organized
nanostructures.*> ILs with [CaCilm]" cations exhibit three structure factor

reflections corresponding to spatial correlation lengths between 3.15 to 0.314
nm.*® To illustrate this, Fig. 6a shows wide angle x-ray scattering (WAXS)
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measurements for three different imidazolium ILs.*® Hettige et al. described the
molecular scale origin of these reflections.*® The lowest g reflection is a
description of the average lateral separation between IL filaments or columnar
structures of IL bundles (1 in Fig. 6a-b) in a disordered continuous network; the
mid g reflects the longitudinal distance between alkyl tails along a IL filament (2
in Fig. 6a-b); and the higher g arises due to the average distance between charges
within the IL filament (3 in Fig. 6a-b). The peak at low g in ILs indicates that bulk
order can be propagated over relatively large distances (of nanometer size), often
in the form of a disordered bicontinuous or sponge-like structure, in which the
ions form a network of alternating polar and non-polar domains, presumably due
to electrostatic and solvophobic clustering. Both the alkyl chain length and the
anion influence the organization of the ions in the bulk, and hence, the
nanostructure is more or less significant in different ILs.** The size of these
ordered domains is inversely proportional to the full width at half max of the peak
at low q. As inferred from the width of the first reflection (2.3 and 5.3 A-! for
[CsCiIm][EtSO4 ] and [CsC1Im][TFSI] in Fig. 6a, respectively), the domain size
in [CsCi1Im][EtSO4 ] (represented here by columnar bilayer structures, Fig. 6b) is
twice as large as that obtained for [CsCiIm][TFSI], which indicates that the order
propagated over larger distances (at the nanoscale) in the former. For readers
interested in the bulk nanostructure of ILs, we refer to a comprehensive review by
Hayes et al.*
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Figure 6. (a) WAXS for dry [CeCilm][EtSOs], [CeCilm][TFSI] and
[C2CiIm][EtSO4]. (b) Schematic representation of the correlation distances.
Reproduced with permission from reference *°. Copyright 2015 Royal Society of
Chemistry.

Restricting ILs to only form ion pairs is unappealing, as in such a concentrated
electrolyte, these ion pairs organize to form mesoscopic ionic structures.*® If
sufficiently strong correlations exist, these larger self-assembled structures could
give rise to long-ranged interactions upon compression in a surface force
experiment. Consistent with this idea, there has been some evidence of a longer-
range interfacial order in ILs. Indeed, steps extending to ~60 nm from the surface
were observed in the long-range force between mica surfaces (using a SFA) and
between mica and a colloidal sphere (by AFM) in [CsCiIm][EtSO4];* see Fig. 7.
The steps varied in size from 0.5 to 3 nm, indicating the presence of ordered
domains larger than the size of an ion pair. Interestingly, the surface force
increased in range in consecutive force-distance curves, indicating a gradual
transition of the behavior of the IL. These ordered domains remained on the
surface upon separation, which indicated that the IL might undergo a transition
from a disordered/isotropic liquid to a solid or gel.** Uptake of water, on the other
hand, was shown to prevent the onset of this liquid-to-solid/gel transition.*!
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Figure 7. Surface forces measured with a colloidal probe (SiO2) on mica in dry
[C6CiIm][EtSO4] by AFM. The measurements were taken at an offset position of
50 pm from the location of the initial measurement. The results from the 1%, 5%,
7%, and 11" approach of the colloidal probe to mica are shown here. Adapted with
permission from reference *°. Copyright 2015. Royal Society of Chemistry.

There is also evidence for an ultra-slow transition in common imidazolium ILs.>
WAXS experiments revealed that the reflections shown in Fig. 6a (taken
immediately after filling the X-ray capillary with the IL) changed over time (Fig.
8a). Bragg peak and harmonic peaks developed after at most one day incubation
of [C2CiIm][EtSO4] and [CsCiIm][TFSI]. One example is shown in Fig. 8a; see
that the peak at the lowest q and the red arrows pointing at the harmonics. Other
reflections (at mid and high q values) also shift over time, indicating a change of
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structure. The results pointed at the gradual ordering of the ions in domains of ~10
nm size while adopting a 1D lamellar structure in the bulk (Fig. 8b). Over a similar
period of time, SFA measurements showed the evolution of the surface force (Fig.
8c-¢). Note that if these ordered domains would be affine to the mica/IL interface,
they would cause a long-range repulsive force of osmotic nature with a decay
length of ~10 nm, which is consistent with the measured long-range force
mediated by these ILs. Furthermore, the change of the domain structure inferred
from WAXS measurements should cause a change of the short-range structural
force, which was also confirmed in SFA force measurements for the investigated
ILs (Fig. 8e-g). This study thus proposed an alternative explanation for the long-
range force based on ion aggregation.*’
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Figure 8. a) Wide angle X-ray scattering scans of [C¢CiIlm][TFSI] at various
temperatures.; similar results are obtained for [CoCiIm][EtSO4]. b) schematics of
the domain ordering for [CsCiIm][TFSI] postulated based on WAXS. c) Long-
range surface force between mica surfaces in [C2CiIm][EtSO4] over time while
equilibrated with dry N2. d) Decay length A, and constant B after less than and
more than 15 h of measurement. e) Short-range surface force; the legend gives the
point of time at D = 100 nm in each force-separation curve. f) Change of the
normalized force (F2/R, energy per unit area) required to squeeze out layers Li,
L, L3, and L4. g) and of the thickness of the corresponding layers (4) over time.
Similar results were obtained for [C¢Ci1Im][TFSI]. Adapted with permission from
reference *°. Copyright 2020 John Wiley & Sons, Inc.
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These findings also enabled to provide an explanation for an apparent discrepancy
in the literature. AFM force measurements have typically failed to measure the
long-ranged force observed in SFA experiments. This could be justified by the
much shorter equilibration times (less than 1 h) required in AFM compared to
SFA experiments. Perhaps, this short equilibration time is not sufficient for the
ion ordering to happen in the commonly investigated ILs. Interestingly, Rutland’s
group reported AFM force measurements at temperatures up to 120°C, which
showed the appearance of the long-ranged force for EAN upon an increase in
temperature.’! This suggests the existence of an Arrhenius-type phase
transformation that requires long equilibration times to happen and becomes
measurable by AFM at short equilibration times if the temperature is sufficiently
high.

Findings from Theory

The structure of the EDL, as inferred from force measurements, has two main
features: a short-range structure and a long-range structure. The short-range
structure is characterized by strongly bound alternating layers of cations and
anions, otherwise known as overscreening. The short-range overscreening
structure in concentrated electrolytes has been known for a long time, and theories
exist, of various approximations, which can describe this effect. The long-range
structure, which is characterized by monotonic and extremely slowly decaying
forces, is not well agreed upon, and is still under intensive research.

Overscreening and short-range interactions

In a dilute electrolyte, the charge density surrounding an ion monotonically
decays until the charge of the central ion is screened.*? This is not always the case,
however. There comes a concentration where the decay mode is no longer
characterized by real eigenvalues, but instead they become complex, giving rise
to decaying oscillations in charge density. This is known as the Kirkwood
transition, and has been extensively studied in primitive models of electrolytes.
We shall not review this in detail here but point the readers to refs. 3% as our
focus is on ILs. Moreover, coarse grained and atomistic simulations of ILs, and
other concentrated electrolytes, also find overscreening around central ions in the
bulk or as a function of distance from an interface.!> For detailed reviews of

overscreening, we point readers to refs.!> %3

Since Kornyshev’s first theory for properties of ILs at interfaces,® which
predicted monotonically decaying charge density instead of overscreening,’’8
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there were efforts to develop theories of a similar complexity, but which could
capture the overscreening structure of ILs.'> In the context of ILs, one of the first
theories that was able to achieve this was developed by Bazant, Storey and
Kornyshev, otherwise known as the BSK theory.” This theory, with a similar
form to a Landau-Ginzburg free energy, was obtained from a gradient expansion
of the non-local interaction, giving rise to an additional free energy term. This
additional term results in a modified Poisson-Boltzmann equation that contains
higher order derivatives:

el —LZV2P)Vip = —p

Eq. (1)

Where € is the dielectric constant, [, is the correlation length of the electrostatic
interactions, and ¢ and p are, respectively, the electrostatic potential and charge
density. In the regime of linear response, complex roots for the screening length
are possible, which indicates the onset of overscreening. In Fig. 9, the charge
density from the BSK theory is shown for various surface charges. One of the
successes of the theory was capturing the transition from overscreening at small
potentials to crowding at large potentials, where layers of counterions accumulate,
as the charge density was based on a Bikerman excess chemical potential.
Interestingly, it has been shown by Avni et al.,** a BSK type equation can be
derived from considering small ordered ionic clusters, indicating a link between
overscreening and ionic associations.

V=10

(@)

Figure 9. Charge density as a function of distance from the interface, for various
surface voltages, and correlation parameters &, = l./4,; . Reproduced with
permission from reference *. Copyright 2011 American Physical Society.

The BSK theory has been widely employed, but it suffers from two limitations:
the period of the oscillation is not fixed by the diameter of an ion, as it must be
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for layered structures of cations and anions, and the extent of overscreening is not
pronounced, as seen in Fig. 9, with only one main layer of co-charge being
observed. These shortcomings of the theory motivated many to develop theories
beyond the BSK theory. Examples of this include a Landau-Ginzburg theory
developed by Limmer,®! where overscreening is modelled as a phase transition at
the interface. Another example is the work by Gavish et al.,®* which utilized the
Cahn-Hilliard phase field terms to describe spinodal decomposition, separating
out layers of cations and anions. Conceptually it is required to interpret the Cahn-
Hilliard phase field term as arising from van der Waals interactions between like
charges, not from electrostatic correlations.

More recently, de Souza et al.%® developed a weighted density approximation and
applied it to ILs. This method is inspired by Rosenfeld's fundamental measure
theory,* where convolutions of weighting functions are used to describe the hard
sphere interactions between species. In de Souza and co-worker's theory,% the
charge density and electrostatic potential variables, typically taken to be
completely local quantities based on point-like ions, are replaced by weighted
variables, which are given by the convolution of the variable with a weight
function that spreads out the interactions over the length scale of ions. In linear
response, the resulting modified Poisson-Bolztmann equation was found to be:

12V2¢ — (1 +12V2)2¢ = 0
Eq. (2)

where [, is now directly proportional to the ion diameter, and the period of the
overscreening structure is set by the size of an ion. Moreover, as shown in Fig.
10, the theory is able to almost quantitatively describe the overscreening and ionic
layering that is observed in molecular dynamics simulations. The theory tends to
underestimate the extent of overscreening at large distance, but the overall
behavior is very similar.
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Figure 10. Layering of cations and anions at an interface from theory and
simulation. Reproduced with permission from reference . Copyright 2020
American Physical Society.

Having described briefly the simple theories for overscreening in ILs, we now
turn to predictions of short-range surface force interactions. To do this, one needs
to calculate the disjoining pressure from the grand potential. In Ref. %, de Souza
et al. investigated surface force interactions in symmetric and asymmetric ILs
using simulations and theory, at various surface charges. Their results are
reproduced in Fig. 11. For symmetric ILs, there is a strong oscillatory pressure,
which arises because of the pronounced layered overscreening structure. Overall,
the theory is able to reproduce the features of the simulation extremely well, with
the main discrepancy only being the pressure minimum at ~1 nm. For asymmetric
ILs, the overscreening structure is less pronounced, but an ion size asymmetric
variant of the theory is still able to capture the results extremely well. Overall, the
short-range forces from overscreening are well understood from theory, with
almost quantitative predictions being possible. For further information, the reader
is referred to ref. .
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Figure 11. Surface pressure calculated for various surfaces charges, for
symmetric and asymmetric ionic liquids. Adapted with permission from reference
85, Copyright 2022 American Chemical Society.

Underscreening and long-range interactions

Gebbie et al. interpreted their monotonic, long-ranged forces between charged
surfaces (Fig. 4), as ILs behaving as a “dilute electrolyte”, owing to over 99.99%
of the ions being bound up into "an effectively neutral, coordinated cation—anion
network”,>* which are assumed not to contribute to screening of the charged
surfaces. While this initial hypothesis was strongly opposed, it motivated many to
estimate the extent of ion pairing in ILs, or the number of free ions not bound up
into ion pairs, and the role that these ion pairs would have in the EDL.

From a theoretical point of view, Lee et al.%” estimated the fraction of free ions to
be 2/3 based on a chemical equilibrium between free ions and ion pairs, with an
equilibrium constant determined by the McMillan-Mayer theory with the
interaction potential based on the Debye-Hiickel screened interaction in the IL.
As the Debye-Hiickel screening length (4,;) is much smaller than an ion diameter
in ILs (d), the ions effectively did not interact, and the entropy of mixing decided
the proportion of each species. A more phenomenological approach was taken by
Chen et al.,®® where the association constant of the equilibrium between free ions
and ion pairs was assumed to be a parameter of the theory. This parameter was
estimated from fitting the temperature dependence of the differential capacitance
(the derivative of surface charge with respect to electrode potential drop, or more
precisely, the rate of change of the stored charge divided by the rate of change of
the surface potential) obtained from MD simulations. It was estimated that
between 30-40 % of ions were free, depending on the temperature.
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Figure 12. Surface pressure calculated between like-charged interfaces, for
various extents of ion pairing. Reproduced with permission from reference .
Copyright 2015 AIP Publishing.

In a different approach, Ma er al.®” developed a sophisticated classical density
functional theory approach of free ions and ion pairs, where the equilibrium
between them can be set. Ma et al. also studied the EDL structure and surface
forces. This was done with no ion pairs and various degrees of ion pairing. The
short-range structure of the EDL between these two extreme cases were very
similar, which can actually be understood from earlier work on the similarities
between the phase diagram of ionic fluids and dipolar fluids, as reviewed in ref.
70, Their calculations found monotonic long-ranged forces existed for over 99%
of ions being free, but not for 0% and 95%, as shown in Fig. 12a. However, the
calculated differential capacitance curves for these cases were drastically different
close to the potential of zero charge. For 99.9% of ions paired, there was a
substantial U-shape, but for 0% of ion pairs, a bell-shaped differential capacitance
curve was found. These calculations provided insight into the EDL with many ion
pairs, but unfortunately, not all aspects of the EDL were able to be reconciled.
These results inspired Goodwin and Kornyshev’! to demonstrate that the
capacitance could, in fact, have reasonable values despite corresponding to over
99.99% paired ions, in a model of the charge density with two decay lengths —
one overscreening with short decay length and another monotonic decay length
with a larger length scale. Provided the magnitude of the monotonic decaying
contribution is small, and the majority of the electrode charge is screened by the
short-range overscreening part, non-vanishing capacitance values could be
obtained, despite the long tail of the charge density. This has yet to be realized in
simulations of ILs, however.

Moreover, not only is the massive extent of ion pairing at odds with the
differential capacitance, but also the electrical conductivity of ILs, which is
typically only found to slightly deviate from that expected from the Nernst-
Einstein equation. A notable example comes from Feng et al.,”> where a
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dynamical criterion was utilized to estimate that between 15-30% of ions were
free depending on the temperature. Moreover, the dynamical criterion was tested
against more conventional separation-based methods, and good agreement was
found. This permitted the temperature dependence of the electrical conductivity
to be well reproduced, which is usually offset from the ideal line on the Walden
plot, which has been interpreted as ILs forming ion pairs.

In this “underscreening regime”, the proposed name of these long-ranged

. . . y! a\3 L
interactions, the screening length A; scaled as A—s < (/1—) , where d is ion
d d

diameter.!? It was proposed by Lee et al.” that in the underscreening regime of
concentrated electrolytes, the charge carrier is no longer the ions, but either the
solvent molecules, voids, or the neutral alkly chains in ILs. This concept is similar
to the conduction of holes in semiconductors, or the conduction of vacancies in
solid electrolytes.!> While the scaling relationship observed in experiments was
recovered, the proposal of ions no longer carrying charge in ILs has not been
widely adopted, and alternative explanations are still sought.

There have been many examples of restricted primitive models of electrolytes
being studied, to see if long-ranged monotonic screening lengths can be found.
Overall, it has always been found that, after the Kirkwood transition, the screening
length increases with concentration, but the power law dependence of Smith et
al.'” has not yet been found (Fig. 5). Instead of an exponent of 3, an exponent of
2 or smaller is often obtained. Moreover, the magnitude of the screening length is
often significantly smaller than found in the experiments discussed in previous
sections. In experiments, the observed screening length is up to 100x that of the
Debye length (Fig. 4-8), but from theory it typically only reaches 5x.747°
Therefore, it does not appear that the screening length observed can be understood
from electrostatic correlations in primitive models.

To name some examples, Coupette et al.”® found screening lengths up to 0.5 nm,
and that multiple decay lengths could exist, but did not find the scaling
relationship of Smith ef al.'” Another example comes from de Souza’s®* weighted
density approximation, where the screening length (1/x;) was found to be

l 2
1+ 1_4(E)

2 (i)
Eq. (3)

Where I = d/+v24. This means the screening length over the Debye length scales

Ksld =

2
as ~ (%) for a concentrated electrol te, such as an IL. Similarly, Adar et al.
As y
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obtained a similar relationship.” Large scale MD simulations by Krucker-
Velasquez and Swan,”” and Zeeman et al.”® did not find screening lengths or the
scaling proposed by Smith ef al.,'” with them always finding exponents close to
2, with much smaller magnitudes for the screening length than found in
experiments.

Thus far, then, the conceptually simple ion pairing model, typically used to
understand the experiments of Gebbie ef al.,'* 3" and primitive model approaches
don’t appear to be able to explain these long-ranged interactions. In a concentrated
system, however, one would not just expect ion pairs to form. Larger aggregates
of ions should form as a consequence of their close proximity. Such large clusters
have been reported in MD simulations,*> ** 7 and even aggregates that percolate
throughout the whole simulation box. There is relatively little work on the role of
aggregates in concentrated electrolytes, however, but it appears to be an area that
is being further explored now.

McEldrew et al. %7 recently developed a theory for aggregation and gelation
(formation of a percolating ionic network) in concentrated electrolytes, based on
the classical polymer theories of thermoreversible aggregation by Flory,
Stockamyer and Tanaka. This theory of McEldrew ef al. is a consistent treatment
of ionic associations, which can be used to calculate a wide variety of properties
of electrolytes, such as transference numbers, activity coefficients, and more
recently, also EDL properties. In the context of the EDL, Goodwin et al.
developed an approach to treat aggregates in the EDL of ILs, based on a
Boltzmann closure relation for the cluster distribution.®%! This theory
demonstrated that aggregates and a percolating ionic network, could in fact,
contribute to ionic screening. In previous studies, it was usually simply assumed
that any aggregates act as neutral ion pairs which cannot contribute to screening.
However, Goodwin ef al.3! showed, from the reversible nature of the associations,
that charged aggregates and a ge/ (ionic network) form in the EDL, owing to the
unequal numbers of cations and anions, which can screen electrode charge.
Therefore, it appears that the assumption of the "network of neutral ion pairs" not
contributing to screening electrode charge is not correct, owing to the thermo-
reversible nature of the ionic associations. Moreover, owing to the screening
ability of the gel and aggregates, to obtain the screening lengths of Gebbie et al.
4 and Smith et al.'’, even smaller free ion fractions are required. These results
suggest that, while ionic aggregation occurs in ILs, the origin of the long-ranged
forces cannot solely be attributed to charge renormalisation in ILs. This is
consistent with the experimental findings by Han et al. (Fig. 8),°° which showed
the association of the IL ions in domains as large as 10 nm, and correlated this
network with short- and long-range force between negatively charged surfaces.
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Discussion

As described in the previous sections, the theoretical concept of long-range
screening (or underscreening) in ILs cannot explain all experimental observations,
which indicates that the current knowledge of the EDL structure of ILs, and more
broadly, of highly concentrated electrolytes, is only partial. There is clear
evidence that emphasizes the need of alternative models and calls for further
investigation. This includes the EDL capacitance of ILs, where capacitance
characterizes the amount of charge stored in the EDL and is generally voltage-
dependent. In the pioneering theory of Kornyshev for ILs,> it was demonstrated
that the differential capacitance of ILs exhibits either a ‘camel’ or a ‘bell” shape,
instead of the classical U-shape based on Gouy-Chapman theory."> Both
experiments and molecular simulations find, indeed, either bell or camel-shaped
differential capacitance curves for ILs (Fig. 13a). In Kornyshev’s theory, the
camel-to-bell transition occurred when over 1/3 of the volume was occupied by
ions. In ILs, however, it is well known that over 95% of the space is occupied by
ions. To rationalize this observation, either the orientation of ions can be invoked
or the compacity parameter can be re-interpreted as the fraction of free ions, where
the “voids” represent neutral ion pairs.® In the latter case, the differential
capacitance curve will transition from a camel to a bell shape with increasing
temperature, provided the number of free ions goes over 1/3 (according to ref. %)
or 5 in Goodwin-Kornyshev’s more recent ion pairing model. 3

Typically, the magnitude of the IL differential capacitance is in the range of 5-25
uF ecm?, with either a camel or bell-like shape.!® If one would assume the extent
of ion pairing suggested by Gebbie et al., extremely small capacitance values
would be obtained and a strong U-shaped differential capacitance curve would be
found.” Therefore, it appears that interpreting the decay length from the surface
force measurements as extreme ion pairing is inconsistent with differential
capacitance measurements.

Moreover, the conductivity of ILs is often found to only slightly deviate from
what is expected from the Nernst-Einstein equation of the uncorrelated ions.”
This has been interpreted as some percentage of the ions bound up in ion pairs,
with this simple assumption estimates the fraction of free ions at 0.1-0.2,
depending on the temperature. Therefore, the concentration of charge carriers
from conductivity measurements also appears to be much larger than that
suggested by surface force measurements when interpreted in the context of dilute
electrolytes.

Finally, studies of stability of particle dispersions in pure ILs and in mixtures of

ILs and water are not consistent with a long-range electrostatic repulsion between
particles. These studies have shown that the mechanisms underlying particle
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stability and aggregation are very different in diluted and concentrated ILs.32%

Indeed, the DLVO theory describes well the behavior of particle dispersions in
diluted ILs, and hence, electrostatic interactions mainly determine particle
stability in this regime.? In contrast, viscous and solvation forces explain particle
stability in concentrated and pure ILs, and no evidence was found for the action
of a long-range electrostatic repulsion between the particles.>® Viscous
stabilization results from the slow diffusion of particles in viscous (concentrated)
ILs, while solvation stabilization is due to the interfacial layering of ILs. It has
been also reported that ion specificity can play an important role in the adsorption
process, and thereby in particle stability.%
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Figure 13. a) Differential capacitance of [C2CiIm][TFSI] with the markers
representing the experiment and the solid lines corresponding to the fit of the
extended mean-field model to experimental results. Reproduced with permission
from reference 8. Copyright 2018 American Chemical Society. b) The new theory
by Goodwin et al. is in better agreement with the experimental differential
capacitance than the free ion theory (FIT). Reproduced with permission from
reference 8. Copyright 2022 AIP Publishing.

In light of the results reviewed in the theory Section, it appears that alternative
explanations to the origin of the slowly decaying surface forces should be
entertained. The theoretical results suggest the experimental obtained decay
length does not originate from electrostatic screening alone, otherwise it would be
captured by the primitive models. Moreover, theory indicates the extent of ions
which appear to be free, not bound in ion pairs or aggregates, is of the order of
10%, rather than 0.003%, as suggested by Gebbie et al. In the experimental
Section, we summarized a possible alternative explanation, based on ionic
aggregates giving rise to long-ranged forces with slow dynamics. In fact, in
certain highly concentrated electrolytes,* the force profile appears more
logarithmic than exponential, which could suggest the osmotic origin of the force.
Overall, if the origin of these forces is not purely electrostatic screening related,
one could be able to reconcile capacitance and conductivity measurements with
these experiments.
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This can be further demonstrated by Goodwin et al.’s recent application of the
aggregation theory to the EDL.3! They used their theory to reproduce the
experimentally obtained differential capacitance curve of [CoCiIm][TFSI] from
Jitvisate and Seddon (Fig. 13a).%” To reproduce the slight camel shape of the curve
(Fig. 13b), an association constant of ~0.6 needed to be employed. This is well
above the percolation point (1/9 for a symmetric functionality of 4), and therefore,
it indicates that a gel exists, which is understood as an ionic cluster, and it extends
throughout the entire electrolyte. Despite the presence of the gel, the fraction of
free ions was 0.12 (12%), which is close to the estimate of Feng et al.”? for the
conductivity. In addition, charged ionic clusters and gel formed under an applied
potential can screen surface charge. Therefore, if the percolating ionic network
and charged ionic clusters gives rise to some long-range, osmotic force, whilst
still having the correct differential capacitance response and conductivity, all
measurements can be unified under the concept of ion aggregation.

ILs are a conceptually simple electrolyte, but the correlations between species are
actually not very strong, and the ionic aggregation is typically relatively weak;*
although the results described for [CsCiIm][EtSO4] (Figure 7) suggest that they
could be high enough in some ILs. However, there are many other highly
concentrated electrolytes which are more strongly correlated, one example of
which is water-in-salt electrolytes (WiSEs), which combine Li* cations with IL
anions and small amounts of water.®® The aggregation behavior of these
electrolytes is significantly more pronounced.®

In this context, SFA force measurements by Han et al.*’ have shown long-range
surface forces in WiSEs, specifically LiTFSI at concentrations ranging between 8§
and 21 m in water. The long-range force is detected at surface separations as large
as ~88 nm, but it is not exponentially decaying (Fig. 14a). The profile of the long-
range force appears reminiscent of a polymer- or polyelectrolyte-induced
repulsion. The force-distance curves also have superposed steps, as layers are
squeezed-out. The size of the structural units forming these layers increases
monotonically with concentration (A1 = 1.0—6.0 nm) between 8§ and 21 m (Fig.
14b and inset, and 12c). Separate MD simulations and small angle scattering
measurements have also revealed the formation of nanostructured domains in 21m
LiTFSI in water.”® Below a concentration of 8 m, the long-range nanostructure of
the bulk electrolyte vanishes, as also the long-range force disappears, indicating
the direct relation between the electrolyte nanostructure and the origin of this
long-range force. In the range of concentrations 9-21m, the size of the structural
unit (charged ionic clusters) decreases closer to the surface (A2 ~ 0.80—0.99 nm,
Fig. 14c¢), independently of concentration, reflecting that the nanostructure is
significantly disturbed by the presence of the charged and hydrophilic surface.
Originating from the negative charge of the mica surface, the innermost layer (A3)
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is most likely rich in Li+ and water (Fig. 14b inset). The conceptual model of this
short- and long-range structure of the EDL is shown in Fig. 14d.
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Figure 14. a) Surface forces in LiTFSI 18m in water between mica surfaces
measured by eSFA, b) Layer size vs. separation between the mica surfaces. The
inset shows the size of the layers at separations smaller than 4 nm. c) Layer
thickness as a function of the concentration of LiTFSI in water. d) Cartoon of the
interfacial structure of superconcentrated LiTFSI in water. There are three
different regions based on the interfacial layers inferred from short-range and
long-range forces. Adapted with permission from reference *?. Copyright 2021
American Chemical Society.
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Figure 15. Differential capacitance of 1 m and 21m LiTFSI aqueous solutions on
gold Au(111). Adapted with permission from reference °!. Copyright 2020
American Chemical Society.

The differential capacitance of 21m LiTFSI in water on gold was also determined
and compared to that of 1 m LiTFSI (dilute electrolyte).”! Fig. 15 compares the
results from these measurements. Combining AFM force measurements and
vibrational spectroscopy, the short-range structure of the highly concentrated
electrolyte was investigated as a function of the applied potential, to complement
the conceptual picture shown in Fig. 14d. Two layers of [Li(H20)x]* (2.8 and 3.3
A, respectively) were found at negative potentials, consistent with the findings in
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Fig. 14b (region 3) for negatively charged mica. On the other hand, thicker layers
(6.4 and 6.7 A) composed of [Li(H20)x]+([TFSI]-)y clusters were detected only at
the interface with gold at positive potentials, and hence, it was inferred that they
carry a negative charge. These clusters were not resolved in the dilute electrolyte.
Overall, the differential capacitance of this highly concentrated electrolyte was
found to be ~50% larger than that of the dilute solution (1m LiTFSI). Furthermore,
ultramicroelectrode measurements revealed the layered structure imposes a
confinement effect on ferricyanide redox couple at the electrode/WiSE interface,
which hinders diffusion. Such nanostructure may be also key in determining redox
reactions, and hence, can have other practical implications.

Conclusions

This chapter has reviewed measurements of colloidal forces mediated by ILs and
theoretical findings describing their origin. Surface forces in ILs include two main
components— short-range (structural) forces and long-range forces with a slow
decay. Both SFA and AFM measurements have shown that the short-range
interaction has an oscillatory nature, with the spacing of the oscillation
corresponding to the dimension of an ion pair. This indicates the arrangement of
the IL ions in layers close to the solid surface. Numerous experiments have shown
that the interfacial layers of ILs can be tuned by water uptake, surface
composition, potential/charge, ion size and charge localization, among others.
Theory has been able to describe ionic layering as a result of overscreening of the
surface charge, and also to reproduce (almost quantitatively) the experimentally
observed short-range surface forces. The long-range force in ILs was initially
interpreted as the electrical double layer force of an effectively dilute electrolyte.
It was assumed that most of the ions are bound up in ion pairs and only an
extremely small number of ions remain dissociated and able to screen surface
charge. However, the proposed charge renormalization is inconsistent with
several experimental results, such as differential capacitance and conductivity.

Experiments and theory have also provided an alternative explanation for the large
decay length of the long-range force in ILs. Here, a large number of ions remain
dissociated and can readily contribute to conductivity, while most of the ILs ions
form large ion aggregates and an ionic network that percolates through the IL that
can, in fact, also participate in charge screening. This ion aggregation theory can
reproduce capacitance curves of ILs and conductivity, and the short-range and
long-range structural forces. Experiments suggest that after the distortion of this
network, it requires time (hours) for this ion organization to be recovered in the
bulk, which has presumably limited the observation of this force in AFM force
measurements. The surface disturbs the ionic network (yielding interfacial layers
with size equal to ion pairs) but some experimental methods are sensitive enough
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to resolve the ionic clusters located further from the surface, especially for other
electrolyte systems with stronger ionic correlation, like LiTFSI 21m in water.

Long-range interactions mediated by IL are still under intensive research. The
knowledge inferred from these studies is beneficial for applications of ILs as
electrolytes in supercapacitors and as lubricants, industrial colloidal systems, as
well as in the field of water-in-salt electrolytes and non-aqueous electrolytes for
batteries.
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