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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 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.
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Introduction

Ionic liquids (ILs) are organic salts with low melting points (1-3). 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 (1). 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,
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often below room temperature (1). ILs have generated great excitement in energy storage research,
in large part thanks to their wide electrochemical stability window and chemical tunability (1, 4-7).
In the last decade, research on the interfacial behavior of ILs has become one of the fastest-moving
fronts in interfacial science (6, 7). Moreover, the design versatility and tunable properties enable their
application in a variety of other areas, including lubrication (8), and catalysis (9).

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 (10), 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) (11). About
twenty years later, Atkin and Warr revealed molecular layers at the interface between protic and
aprotic ILs, and mica, silica and graphite (12). 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 (13). Since then, many more studies have proved that ions arrange
in layers at smooth IL-solid interfaces (see review in ref. (8)).

In 2013 (14), 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 (15-17). 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
(18). However, the origins of this renormalization are not well-understood, and in fact, directly
contradicts many other experimental measurements (15). 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 a 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 (I11). As
expected, the surface forces for dilute solutions of EAN in water are well described by the DLVO
theory (19) (Figure la). 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
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adsorption (cation binding to a negatively charged surface) according to the ion-exchange model
proposed by Pashley (20), and revised by Miklavic and Ninham (21). 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 negligible,
and the electrical double-layer repulsion becomes so short-ranged that the overall surface force is
dominated by the van der Waals attraction (Figure 1b).
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Figure 1. Surface forces between mica surfaces in EAN at various concentrations in water: (a) 0.1 M, (b)
10% w/v (1 M) EAN in water, (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 ~ S nm (Figure 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 et al. to measure the force

between Si3Ny tips and various surfaces (mica, silica, and graphite) in three room-temperature ILs

(12); see example in Figure 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 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.

IL-mediated surface forces were also investigated by Perkin et al. using a surface force balance
(SFB (24), similar to SFA (25)) and 1-ethyl-3-methyl imidazolium ethylsulphate (abbreviated as

125

Nagarajan; One Hundred Years of Colloid Symposia: Looking Back and Looking Forward
ACS Symposium Series; American Chemical Society: Washington, DC, 2023.



[C,CiIm][EtSO4]) (22). 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 (Figure 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
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 et al. (8).
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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 [ C,CIm ][EtSO 4] measured by SFB. Reproduced with permission from reference (22).

Copyright 2010 Royal Society of Chemistry. (c) Surface forces between mica surfaces in [ C,CImJ[FAP]

at 0 and 37% RH. Abbreviations: FAP = tris(pentafluoroethyl )trifluorophosphate. Adapted with
permission from reference (23). Copyright 2014 American Chemical Society.

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 (23, 26). The extended SFA (abbreviated eSFA) is a fully automatized
instrument with higher thermal and mechanical stability than conventional SFAs (27). 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
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force (Figure 2c), 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) [C,CIm ][ TFSI],
[C4CiIm][TFSI] and [ C4C Im][ TFSI] and (b) [C,C Im][FAP], [CsCIm][FAP] and
[C5CIm][EtSOy4]. Abbreviation: 1-n-alkyl 3-methylimidazolium [ C,CIm]*, withn = 2, 4 and 6 for
ethyl, butyl and hexyl, respectively; [ TFSI] = bis(trifluoromethanesulfonyl)imide. Adapted with
permission from reference (28). Copyright 2018 American Chemical Society.

The thickness of the interfacial IL layers (A, Figure 3) can be inferred from the oscillation spacing
(Figure 2b) or from the average step size in the force profile (Figure 2a and c). For instance, A is
~0.75 nm for [C,C;Im][TFSI] (28), which agrees well with the corresponding ion pair diameter

(2 ~ 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 [C4C{Im][TFSI] (A ~ 1.28 nm) compared to Q ~

0.78 nm is attributed to a “bilayer” structure as a result of the higher amphiphilicity of this IL
(29). The bilayer consists of two [C4CIm]* 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 (30), 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<S5 nm) (28, 31, 32). IL 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.
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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 (33). 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
Au(111) surface charges, compared to [FAP]. Intermolecular interactions other than electrostatic
have been found to also significantly influence the interfacial structure of ILs (34, 35). As an example,
imidazolium cations can remain adsorbed on graphene electrodes even at positive bias (34, 36). 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
afewion layers.

In 2013, Israelachvili’s group reported the first SFA measurements of a long-range force in
[C4C{Im][TFSI] (14). 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 (37) demonstrated that, as shown in
Figure 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 (Figure 2c).

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 (38, 39) debated the question

whether ILs should behave as “strongly dissociated and, hence, uncorrelated electrolyte” or “as an
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effectively neutral, coordinated cation—anion network that exists in equilibrium with a small fraction
of effectively dissociated ions” — as quoted in ref. (39). 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. (14).
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Figure 4. Surface forces across (A) [CoCIm]J[TFSI] at T = 22 °C and 50 °C and (B) [ C3CIm ][ TFSI]
at T = 22 °C and 45 °C, using the nomenclature for ILs in this article. Reproduced with permission from
reference (37). Copyright 2015 National Academy of Sciences of the United States of America.
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Figure 5. Experimental decay length over the Debye length, lexp/lD, versus d/Ap for [ C4CPyrr][NTf,],

its mixtures with propylene carbonate, aqueous NaCl, LiCl, KCl, and CsCl solutions. Adapted with
permission from reference (17). Copyright 2016 American Chemical Society.

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 (17). 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 (A;) as a function of the “length scale of an ion” (d) over

Ay, it was found that the different electrolytes appeared to collapse onto a single, universal curve.
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As As d\3
In the dilute regime, one finds Aq , but the scaling relationship was found as A4 (Z) in the
concentrated regime (Figure S). The origin of this scaling relationship has been intensively
investigated, as outlined in the theory section (18).

We note, however, that deviations from this scaling relationship have been reported for both
pure ILs and mixtures of ILs and water (28, 31, 40-43), 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
(44).

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 6. (a) WAXS for dry [C6C11m][EtSO4], [CsCiIm][TESI] and [C,C Im][EtSO,4]. (b)
Schematic representation of the correlation distances. Reproduced with permission from reference (40).
Copyright 2015 Royal Society of Chemistry.
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Ion Aggregation Model

It is well-accepted that IL ions self-assemble in the bulk and can form organized nanostructures
(45). ILs with [C,C{Im]* cations exhibit three structure factor reflections corresponding to spatial
correlation lengths between 3.15 to 0.314 nm (46). To illustrate this, Figure 6a shows wide angle
x-ray scattering (WAXS) measurements for three different imidazolium ILs (40). Hettige et al.
described the molecular scale origin of these reflections (46). The lowest g reflection is a description
of the average lateral separation between IL filaments or columnar structures of IL bundles (1 in
Figure 6a-b) in a disordered continuous network; the mid g reflects the longitudinal distance
between alkyl tails along a IL filament (2 in Figure 6a-b); and the higher g arises due to the average
distance between charges within the IL filament (3 in Figure 6a-b). The peak at low q 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 (40). 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 [C4CIm][EtSO4 ] and [CxCyIm][TFESI]
in Figure 6a, respectively), the domain size in [C4CIm][EtSO4 ] (represented here by columnar
bilayer structures, Figure 6b) is twice as large as that obtained for [C4CIm][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. (47)
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Figure 7. Surface forces measured with a colloidal probe (SiO,) on mica in dry [ C¢C Im J[EtSO4] by
AFM. The measurements were taken at an offset position of SO um from the location of the initial
measurement. The results from the 1%, S, 7t and 11t approach of the colloidal probe to mica are shown
here. Adapted with permission from reference (40). 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 (48). 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
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AFM) in [C4CIm][EtSO,] (40); see Figure 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 (49). Uptake of

water, on the other hand, was shown to prevent the onset of this liquid-to-solid/gel transition (41).
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Figure 8. (a) Wide angle X-ray scattering scans of [ C¢C Im ][ TFSI] at various temperatures, similar
results are obtained for [ CoC1Im][EtSOy4]. (b) Schematics of the domain ordering for [ C4CIm ][ TFSI]
postulated based on WAXS. (c) Long-range surface force between mica surfaces in [ C,CIm][EtSO 4] over
time while equilibrated with dry N,. (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 (FA/R, energy per unit area) required to squeeze
outlayers L}, Ly, L3, and L4 (g) and of the thickness of the corresponding layers (A) over time. Similar
results were obtained for [ C4CIm ][ TFSI]. Adapted with permission from reference (S0). Copyright 2020
John Wiley & Sons, Inc.

There is also evidence for an ultra-slow transition in common imidazolium ILs (50). WAXS
experiments revealed that the reflections shown in Figure 6a (taken immediately after filling the X-ray
capillary with the IL) changed over time (Figure 8a). Bragg peak and harmonic peaks developed after
at most one day incubation of [C,C;Im][EtSO4] and [C4C{Im][TFSI]. One example is shown in
Figure 8a; see that the peak at the lowest q and the red arrows pointing at the harmonics. Other
reflections (at mid and high g values) also shift over time, indicating a change of 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 (Figure 8b). Over a similar period of time, SFA measurements showed the
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evolution of the surface force (Figure 8c-e). 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 (Figure 8e-g). This study thus proposed an alternative explanation for the long-
range force based on ion aggregation (49).

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 (S1). 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 (52). 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. (53, 54) 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 (15). For
detailed reviews of overscreening, we point readers to refs. (15, 55)

Since Kornyshev’s first theory for properties of ILs at interfaces (56), which predicted
monotonically decaying charge density instead of overscreening (57, 58), there were efforts to
develop theories of a similar complexity, but which could capture the overscreening structure of ILs
(15). 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 (59). 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:
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(1 —12V2)V2h = —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 Figure 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. (60), a BSK
type equation can be derived from considering small ordered ionic clusters, indicating a link between
overscreening and ionic associations.

(@
0 1 2 3 4 5

Figure 9. Charge density as a function of distance from the interface, for various surface voltages, and
correlation parameters 6, = 1,/A4. Reproduced with permission from reference (59). 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 for layered structures of cations and
anions, and the extent of overscreening is not pronounced, as seen in Figure 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 (61), where overscreening is modelled as a phase transition at the interface. Another
example is the work by Gavish et al. (62), 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. (63) developed a weighted density approximation and applied it to
ILs. This method is inspired by Rosenfeld’s fundamental measure theory (64), where convolutions
of weighting functions are used to describe the hard sphere interactions between species. In de Souza
and co-worker’s theory (63), 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
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over the length scale of ions. In linear response, the resulting modified Poisson-Bolztmann equation
was found to be:

12V2¢ — (1 +12V?)2¢p = 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 Figure 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 (63). 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. (65), 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 Figure 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. (66).
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Figure 11. Surface pressure calculated for various surfaces charges, for symmetric and asymmetric ionic
liquids. Adapted with permission from reference (65). Copyright 2022 American Chemical Society.

Underscreening and Long-Range Interactions

Gebbie et al. interpreted their monotonic, long-ranged forces between charged surfaces (Figure
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” (39), 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. (67) 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 (A;) 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. (68), 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.

In a different approach, Ma et al. (69) 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 Figure 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.
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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 (71)
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.
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Figure 12. Surface pressure calculated between like-charged interfaces, for various extents of ion pairing.
Reproduced with permission from reference (69). Copyright 2015 AIP Publishing.

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. (72), where a
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 interactions, the

As d\3
screening length A scaled as 44 x (ld) , where d is ion diameter (17). It was proposed by Lee et al.

(73) 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
(15). 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. (17) has not yet been found (Figure S). Instead of an exponent of 3, an

exponent of 2 or smaller is often obtained. Moreover, the magnitude of the screening length is often
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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 (Figures 4-8), but from theory
it typically only reaches Sx (74, 75). 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. (76) found screening lengths up to 0.5 nm, and that
multiple decay lengths could exist, but did not find the scaling relationship of Smith et al. (17)
Another example comes from de Souza’s (63) weighted density approximation, where the screening
length (1/x;) was found to be

Eq. (3)

a2
where ls = d/V24_ This means the screening length over the Debye length scales as - (A_s) for a
concentrated electrolyte, such as an IL. Similarly, Adar ef al. obtained a similar relationship (74).
Large scale MD simulations by Krucker-Velasquez and Swan (77), and Zeeman et al. (78) did not
find screening lengths or the scaling proposed by Smith et al. (17), 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 et al. (14, 37), 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 (45, 49, 79), 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. (45, 49, 79) 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 et 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 coeflicients, 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 (80, 81). 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 et al. (81) showed, from the
reversible nature of the associations, that charged aggregates and a gel (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. (14) and Smith et al. (17), even smaller free ion fractions are
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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. (Figure 8) (50), 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.

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 (56), 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 (15).
Both experiments and molecular simulations find, indeed, either bell or camel-shaped differential
capacitance curves for ILs (Figure 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 (68). 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. (68)) or V2 in Goodwin-Kornyshev’s more recent ion pairing model
(80).

Typically, the magnitude of the IL differential capacitance is in the range of 5-25 pF cm?2,
with either a camel or bell-like shape (15). 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 (71). 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 (72). 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 stability and aggregation are very different in diluted
and concentrated ILs (82-85). 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 (85). 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 (82-85). 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
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has been also reported that ion specificity can play an important role in the adsorption process, and
thereby in particle stability (86).

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 ef 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 (42), 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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Figure 13. (a) Differential capacitance of [ C;CIm [[ 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 (87). 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 (81). Copyright 2022 AIP Publishing.

This can be further demonstrated by Goodwin et al.’s recent application of the aggregation
theory to the EDL (81). They used their theory to reproduce the experimentally obtained differential
capacitance curve of [C,C{Im][TFSI] from Jitvisate and Seddon (Figure 13a) (87). To reproduce the

slight camel shape of the curve (Figure 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. (72) 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 (45); although the results described
for [C4C1Im][EtSO4] (Figure 7) suggest that they could be high enough in some ILs. However, there
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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 (88). The aggregation behavior of these electrolytes is significantly more

pronounced (89).
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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 LiITFSI 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

(42). Copyright 2021 American Chemical Society.

In this context, SFA force measurements by Han ef al. (42) 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 (Figure 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 (A} = 1.0—6.0 nm) between 8 and 21 m (Figure 14b and inset, and Figure 12c).
Separate MD simulations and small angle scattering measurements have also revealed the formation
of nanostructured domains in 21m LiTFSI in water (90). 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 (A, ~ 0.80—0.99 nm, Figure 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) is most likely rich in Li+ and water (Figure 14b inset). The conceptual model of this short- and
long-range structure of the EDL is shown in Figure 14d.

The differential capacitance of 21m LiTFSI in water on gold was also determined and compared
to that of 1 m LiTFSI (dilute electrolyte) (91) Figure 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 Figure 14d. Two layers of [Li(H20)x]* (2.8 and 3.3
A, respectively) were found at negative potentials, consistent with the findings in Figure 14b (region
3) for negatively charged mica. On the other hand, thicker layers (6.4 and 6.7 A) composed of
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[Li(H20)x]4+([ TESI]—)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 (Im 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.
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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 (91). Copyright 2020 American Chemical Society.

Conclusions

This chapter has reviewed measurements of colloidal forces mediated by ILs and theoretical
findings describing their origin (92). 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
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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 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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	Figure 8. The π-transition measured over a wide range of pH values in KNO3 solutions (a) pH 9.7 (b) pH 5.7 (c) pH 4 (d) pH 3.3. In order to mitigate the effect of the co-ion, co-ionic strength was kept constant by adding HNO3 or KOH. Figure reproduced with permission from reference 16. Copyright 2016 PCCP Owner Societies.

	Pull-off Forces
	Figure 9. Histograms showing the size distribution of the final as well as all the preceding FTTs (final FTTs in grey, preceding FTTs in blue) at (a) pH 9.7, (b) pH 5.7, (c) pH 4, and (d) pH 3.3. The size displayed in each plot (labelled as peaks and shown by red dotted arrows) are obtained by fitting uni- or bimodal Gaussian distributions to the histograms of the final FTT. Figure reproduced with permission from reference 16. Copyright 2016 PCCP Owner Societies.

	Film Thickness Transitions
	Hydrated Ion Layering Model
	Figure 10. Schematic illustration of the hydration ion layering model leading to the π-transition.  (a) Collective expelling of hydrated K+ ions at electrolyte concentrations > CL (b) Collective collapse of a layer of hydrated ions into a highly condensed state at the π-transition (c) At higher concentrations where multiple layering is observed, hydrated ion layering is followed by transitions between the adsorbed ion states. Adapted with permission from reference 26. Copyright 2017 Zita Zachariah.
	Figure 11. Schematic illustration of the state of (a) Na+, (b) K+ and (c) Cs+ on mica surfaces (based on electron-density profiles at the muscovite (001)–solution interface obtained from X-ray reflectivity measurements in ref 8. Figure adapted from reference 25 with permission from Elsevier.

	Ion Specific Pathways to Electrical Double Layer Collapse
	Figure 12. Pull-off force measurements for (a) NaNO3, (b) KNO3 and (c) CsNO3 solutions over a wide range of ion activities. πML- and πL-transition are denoted by bold and dotted arrows, respectively. FTTs measured in (d) NaNO3, (e) KNO3 and (f) CsNO3 solution. All these measurements were carried out at pH~5.7. Reproduced with permission from reference 25. Copyright 2017 Elsevier.
	Figure 13. Schematic illustration of the πL-transition and πML-transition. Image reproduced with permission from reference 26. Copyright 2017 Zita Zachariah.

	Ion-Specific Hydrated Ion Layering Model: πML- and πL-Transitions
	Summary
	Figure 14. Schematic illustration of the hydrated ion layering model superimposed on the force-distance curve. (a, left) At concentrations lower than Cπ, before the π-transition, the final layer of hydrated ions are mostly pushed out of the gap and replaced by hydronium ions. (b, right) At concentrations higher than Cπ, the final layer of hydrated ions transitions into different adsorbed ion states on the surface. Image reproduced with permission from from reference 26. Copyright 2017 Zita Zachariah.
	Figure 15. The πL-transition and πML-transitions as shown in NaNO3 along a schematic illustration of the mechanisms according to the hydration ion model. Image reproduced with permission from from reference 26. Copyright 2017 Zita Zachariah.
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	Colloidal Electrostatics: From Biology to Nanotechnology
	1 Introduction
	Figure 1. A schematic of a charged surface in the presence of an electrolyte solution. Near to the surface, ions of charge opposite (similar) to that of the surface are more (less) concentrated. Also depicted is the Debye screening length κ−1 (see eq 5), the characteristic length over which the surface charge is screened by the solution ions.
	Figure 2. The measured force per cylindrical radius, between crossed cylinders of mica, as a function of distance between surfaces, in the presence of various concentrations (in mol/liter) of KNO3, measured using a surface forces apparatus 3. Mean field electrostatics predict an exponential scaling of force with distance, consistent with these results. The Debye lengths determined via the asymptotic slopes are accurate to within 10%, up to 10-3 molar, but deviate at higher concentration. Reproduced with permission from ref 3. Copyright 1978 Royal Society of Chemistry.
	Figure 3. The measured zeta potential of (negatively charged) sulfonated latex particles, as a function of the concentration of added electrolyte containing monolvalent (Na+), divalent (Ca+2), and trivalent (La+3) cations 9. Multivalent cations are shown to reverse the particle charge, an effect not predictable via mean field treatments. Adapted with permission from ref 9. Copyright 2011 Elsevier.

	2 Strongly Coupled Electrostatic Systems
	Figure 4. Effective surface charge versus concentration of a q:1 electrolyte, for q = 2, 3, and 4, as predicted by the strong coupling theory described in and around eq 10 11. Effective charge is defined as nq − σ, where n is the lateral density of condensed counter-ions of valence q, and −σ the bare surface charge of −1/nm2.
	Figure 5. Left: Two charged surfaces, with surface condensed ions, at a separation (D) much greater than the characteristic separation between the ions (a). Right: A surface separation much smaller than that between the ions.

	3 Layer-by-Layer (LbL) Assembly
	Figure 6. Schematic of the layer-by-layer interfacial assembly of charged macromolecules (1823). The process begins by exposing a surface to a solution of charged molecules (here cationic), resulting in monolayer adsorption. Following a rinse, the interface is then exposed to a solution of oppositely charged molecules (here anionic), resulting in adsorption of a second layer. The process may continue, and result in a film of tailored thickness on length scales from 10 to 1000 nm.
	Figure 7. The measured zeta potential of a bare silica surface, the silica surface following adsorption of linear (cationic) poly(ethylene imine) (PEI), and the silica surface following each step of the layer-by-layer (LbL) assembly of (anionic) poly(styrene sulfonate) (PSS) and (cationic) poly(allyl amine) (PAH) 24. Reproduced with permission from ref 24. Copyright 2000 American Chemical Society.
	Figure 8. Above: A schematic of the formation of porous, polyelectrolyte films via the layer-by-layer (LbL) assembly of charged polymers and (latex) nanoparticle templates. Following assembly, the film is exposed to chemical cross-linking agents to form covalent attachments between the polymers, resulting in increased mechanical rigidity. Following template removal via exposure to an organic solvent, the film is bioactivated via passive adsorption of biomolecules within the porespace. In principal, film mechanics and bioactivity are decoupled: the former depending on the extent of crosslinking, and the latter on the extent of biomolecular loading. Below: Previous strategies, where cross-linking follows biomolecular placement (which may result in biomolecule inaccessibility) and where biomolecule placement follows cross-linking (where loading may be limited to the surface region).
	Figure 9. Left: The measured activity of luciferace secreted by murine c2c12 myoblasts, modified by a luciferace gene fused to a BMP responsive element 8, and cultured on i) a non-porous, cross-linked LbL film with surface adsorbed bone morphogenetic protein 2 (BMP-2), and ii) a porous LbL film (formed via the nanoparticle templating strategy depicted in Figure 8) with pores filled with BMP-2, versus quantity of loaded BMP-2 33. Right: Schematics of non-porous and porous films.

	4 Adsorption under an Applied Electric Potential
	Figure 10. Left: Schematic of an optical waveguide lightmode spectroscopy system for measuring macromolecular adsorption under an applied electric potential (3435). Right: Adsorption of poly(L-lysine) versus time. At a sub-threshold voltage, adsorption saturates quickly, upon formation of a monolayer, while past a threshold voltage, adsorption may become continuous, i.e. essentially linear with time over ca. one hour 36.
	Figure 11. Adsorption rate versus adsorbed amount, for (anionic) poly(L-glutamic acid) (PGA, left) and (cationic) poly(L-lysine) (PLL, right), onto a previously placed layer of PLL (as depicted schematically below). The initial PLL layer is formed via 120 minutes adsorption under an electric potential of 1.5 V (see Figure 10). A buffer rinse follows (again at 1.5 V) over 10, 20, or 60 minutes, and is itself followed by a second polymer adsorption step. The decreased (increased) rate with rinse time for PGA (PLL) suggests a loss of layer charge during the rinse. Adapted with permission from A. P. Ngankam and P. R. Van Tassel, Proceedings of the National Academy of Sciences of the USA 2007, 104 (4), 1140−1145. Copyright 2007 National Academy of Sciences of the USA.
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	Rheology of a Foam Film Formed from a Nanofluid: Role of the Structural Transitions
	Figure 1. (a) Colored stripes of the foam film formed from a 44 vol% monodispersed latex suspension (particle diameter of 156 nm); (b) multilayer micro-structuring in a vertical foam film; (c) diffraction patterns of particles’ 2-D in-layer structure; (d) diffraction patterns of particles’ layered structure; (e) colored stripes of the foam film formed from a 20 vol% silica suspension (particle diameter of 19 nm). Reproduced with permission from reference 27. Copyright 2003 John Wiley and Sons.
	Methods Based on the Foam Film Thinning Dynamics
	Method Based on the Rate of the Stripe’s Boundary Movement
	Figure 2. The photomicrograph sequences show the evolution of the inclined foam film thinning formed from a nonionic micellar solution. The positions of the boundaries between the stripes are measured over time. For example, the double arrows indicate the measured length of the 3/2 stripe at that specific time.
	Figure 3. Ten-degree inclined foam film formed from 0.052 M Enordet AE 1415-30 micellar solution. Each stripe represents the foam film thickness containing different numbers of micellar layers.
	Figure 4. The stripe position’s length over time (the rate of the boundary movement) versus the number of micellar layers for the foam film formed from the Enordet AE 1415-30 micellar solution (concentration of 0.052 M).

	Calculation of the Structural Film Viscosity Using the Macroscopic Film-Meniscus Contact Angle for the Micellar System
	Figure 5. The film-meniscus transition region is located between the film-meniscus contact line and the Laplace surface (θmen is the contact angle of the film-meniscus region and θmac is the MA contact angle). Reproduced with permission from reference 31. Copyright 2019 Elsevier.
	Figure 6. Film structural energy isotherm of the film formed from the 0.052 M Enordet AE 1415-30 micellar solution. For each micellar layer, the energy well is determined by the difference between one minimum to the next maximum.

	Calculation of the Structural Film Viscosity
	Figure 7. The film viscosity versus the micellar layer for the foam film of the Enordet AE 1415-30 micellar solution (concentration of 0.052 M).
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	Self-Assembly: From Soap Micelles to Structurally Precise Protein-like Aggregates
	Introduction
	Figure 1. Left: James W. McBain, Reproduced courtesy of Stanford University Archives. Middle: Charles Tanford, Reproduced from Pace, C. N., Protein Science, 2010, 19, 1, Copyright 2010 Wiley. Right: Jacob Israelachvili, Reproduced courtesy of Sonia Fernandez/University of California, Santa Barbara.

	Surfactant Self-Assembly
	Micelle Structural Models
	Figure 2. McBain lamellar micelle and oligomeric cluster. Hess micelle made of two McBain lamellar micelles. Harkins cylindrical micelle model with highly exposed hydrophobic surface on the side. Hartley model of a spherical micelle. Adapted with permission from reference 14.  Copyright 1946 American Chemical Society.
	Figure 3. Schematic representation of surfactant aggregates formed in dilute aqueous solutions. The structures include spherical micelles, globular micelles shown as a dumbbell, rodlike micelles with spherical endcaps, and spherical bilayer vesicles. One characteristic dimension in each of these aggregates (radius or half-bilayer thickness) must be smaller than the length of the surfactant tail. Adapted with permission from reference 35. Copyright 1991 American Chemical Society.

	Energetics of Surfactant Self-Assembly
	Role of Molecular Packing on Self-Assembly
	Block Copolymer Self-Assembly
	Figure 4. Schematic of AB diblock or BAB triblock copolymer forming spherical micelles. The  polymer block A is hydrophobic, forming the micelle core while the polymer block B is hydrophilic,  forming the micelle shell or corona.

	Non-equilibrium Block Copolymer Micelles
	Figure 5. Schematic illustration of the solvent exchange process for forming block copolymer micelles. Dark blue lines denote the hydrophobic polystyrene (PS) block, and the dark brown lines denote the hydrophilic polyethylene oxide (PEO) block of the PS-PEO diblock copolymer. Blue circles denote the common solvent THF, and the yellow circles denote water that is selective to PEO. Steps A through D are described in the text. Reproduced with permission from reference 44. Copyright 2015 Elsevier.

	Block Polyelectrolyte Based Micelles
	Figure 6. Schematic of micelle formation from the double hydrophilic block copolymer, polyethylene glycol-poly L-lysine, PEG-PLL, in the presence of anionic siRNA (designated A). PEG (designated B) is neutral while PLL (designated C) is cationic. The electrostatic attraction between cationic PLL and anionic siRNA gives rise to the formation of the hydrophobic complex (CA) which provides the driving force for micelle formation. One or more siRNA molecules can associate with each block copolymer depending on the ratio of total cationic charges on C to anionic charges on A. Reproduced with permission from reference 49. Copyright 2017 American Chemical Society.
	Figure 7. Micelle formation from PEG-b-PLL-b-PLLeu triblock copolymer with the hydrophobic PLLeu as an end block. The inner core is made of PLLeu while the outer core is formed by the PLL-siRNA complex. PLL constitutes the corona. Reproduced with permission from reference 49.  Copyright 2017 American Chemical Society.

	Self-Assembly of Less Common Amphiphiles
	Dendritic Amphiphiles
	Figure 8. Head and tail groups of dendritic amphiphiles. The head groups G2 and G3 are 2nd and 3rd generation dendrimers with their terminal ends functionalized with hydroxyl groups. The hydrophobic tails are dialkyl chains with symmetric lengths of 12 and 18 carbon atoms for two molecules and asymmetric lengths of 12 and 18 carbon atoms for the third molecule, as shown in the figure. By combining these two types of head groups and three tail groups, six amphiphile structures were generated by the Haag lab. They are labeled by listing the head and tail properties as G2C12/12, G2C12/18, G2C18/18, G3C12/12, G3C12/18, and G3C18/18. Adapted with permission from reference 50.  Copyright 2015 Royal Society of Chemistry.

	DNA Amphiphiles
	Figure 9. Use of DNA-hybridization to manipulate aggregate structures formed from DNA amphiphiles. Reversible vesicle to micelle transition was demonstrated. See text for detailed discussion. Adapted with permission from reference 51. Copyright 2010 American Chemical Society.

	Peptide Amphiphiles
	Figure 10. Space filling models of the amphiphilic peptides A3K, A6K and A9K composed of multiple units of alanine (A) as the hydrophobic part and a C terminal lysine (K) carrying one positive charge as the hydrophilic part. Colors represent atoms C (black), H (white), O (red), N (blue). Reproduced with permission from reference 55. Copyright 2009 American Chemical Society.

	Protein-Polymer Conjugates
	Figure 11. Multiple types of protein-polymer conjugates based on the type of the polymer. In (a), the protein is conjugated to a hydrophobic polymer chain while in (b), the protein is conjugated to a hydrophilic polymer chain. In (c) the protein is conjugated to the hydrophilic block of a diblock copolymer while in (d), the protein is conjugated to the hydrophobic block of a diblock copolymer. Adapted with permission from reference 7. Copyright 2019 Wiley.
	Figure 12. Few possible structures of spherical micelles anticipated from different protein-polymer conjugates. In (a), the hydrophobic polymer forms the core of the micelle while the hydrophilic protein forms the corona of the micelle. In (b), the protein is hydrophobic and forms the micelle core surrounded by the hydrophilic polymer. In (c), the hydrophobic block of the diblock copolymer controls micellization and the hydrophilic block of the block copolymer and the hydrophilic protein conjugated to it are in the corona. If the protein is hydrophobic, yet other aggregate types would result for this molecule. Adapted with permission from reference 7. Copyright 2019 Wiley.

	Amphiphilic Nanoparticles
	Figure 13. Nanoparticle-polymer giant amphiphiles with hydrophilic AC60 as head group and one (a) or two (b) hydrophobic polystyrene tails. Nanoparticle-nanoparticle giant amphiphiles with hydrophilic AC60 as head and one hydrophobic C60 (c) or two hydrophobic C60 (d) as tail. The notation AC60 represents C60 Fullerene functionalized with 10 carboxylic acid groups and A denotes the carboxylic acid functionality. Reproduced with permission from reference 7. Copyright 2019 Wiley.

	Self-Assembly Creating Structurally Precise Protein-Like Aggregates
	Figure 14. (a) Molecular structure of the amphiphilic dendro-calixarene. (b) Space filling model of the amphiphile corresponding to its low energy conformation. (c) The molecule self assembles to form completely monodisperse and structurally precise micelles, with exactly seven dendro-calixarene molecules. 3D reconstructed stereo view based on cryo-TEM images. Adapted with permission from reference 65. Copyright 2004 Wiley.
	Figure 15. (a) Chemical structure of macrocyclic calix[n]arene amphiphile, having n=4 phenolic groups, with the upper rim functionalized with the hydrophilic group X and the lower rim functionalized with the hydrophobic group R. (b) Predicted surface coverage of a sphere by close packed arrangement of spherical caps, representing the polar head groups of the amphiphiles. The predicted fractional surface coverage is independent of the size of the cap representing the head group while the radius of the sphere depends on the cap size and the aggregation number. (c) Illustration of spheres covered by 20, 12, 6, and 4 close packed spherical caps, representing structurally precise Platonic micelles. Adapted with permission  from reference 69. Copyright 2018 Royal Society of Chemistry.
	Figure 16. (a) Structure of the calix[4]arene amphiphile PACaL3, (C13H18N4O)4C4 obtained using DFT. White, gray, red, and blue atoms correspond to H, C, O and N, respectively. (b) Structure of the PACaL3 micelle with aggregation number 6 obtained using DFT. (c) Space filling model of the micelle with aggregation number 6. Adapted with permission from reference 74.  Copyright 2023 American Chemical Society.
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	Homopolymer Adsorption: Structural Features and Dynamics Illustrated with Poly(ethylene oxide)
	1 Introduction
	Figure 1. Train-loop-tail structure of adsorbed homopolymers: (A) highlighting a single chain within a layer; (B) identifying a tail, a loop, and a train.

	2 Static Layer Properties
	2A Chain Configurations and Concentration Profiles.
	Figure 2. (A) Segmental volume fraction for loops, tails and total, as a function of grid position from a surface for a chain of 10,000 steps, solvency parameter χ = 0.5 and segmental adsorption energy χs = 1. Dilute solution volume fraction is 10-6. (B) Concentration profile of PEO molecular weight 280,000 g/mol on 240 nm diameter (squares) and 230 nm diameter (circles) latex in D2O. (A) Reproduced with permission from reference 22. Copyright 1986 Elsevier. (B) Reproduced with permission from reference 31.  Copyright 1990 Royal Society of Chemistry.

	2B Isotherm Shapes and Adsorbed Amounts.
	Figure 3. (A) Computed and (B) measured adsorption isotherms for PEO adsorbing on flat acid-etched silica surfaces from DI water. (A) Solid lines are for theta solvent, dashed lines for good solvent. (B) Symbols for represent PEO molecular weights of 963,000 (squares); 120,000 (circles); and 32600 (triangles) g/mol. Hollow symbols with solution present, solid symbols for rinsing. (A) Reproduced with permission from reference 39. Copyright 1992 American Chemical Society. (B) Reproduced with permission from reference 48. Copyright 1998 American Chemical Society.

	2C Some Consequences of Binding Energy
	2D Reverse Impact of Segmental Binding Energy on Adsorbed Amount
	2E Polydispersity and Molecular-Weight Selectivity
	Figure 4. Rounded isotherms for PEO (15000 g/mol triangles) and PVP (25,000 g/mol) on Ludox silica. Reproduced with permission from reference 47. Copyright 1991 American Chemical Society.

	2F Adsorbed Layer Thickness
	Figure 5. (A and B) Optical thickness as a function of adsorbed mass for PEO on flat acid-etched silica surfaces for the two molecular weights indicated. (C) Hydrodynamic thickness of PEO (20K, open diamonds) compared with Pluronic surfactants. (Inset is from model.). (A) Reproduced with permission from reference 64. Copyright 1997 American Chemical Society. (C) Reproduced with permission from reference 65. Copyright 1992 American Chemical Society.

	3 Kinetic and Dynamic Properties of Polymer Adsorption and Adsorbed Layers
	3A Adsorption Kinetics
	3B Desorption Kinetics.
	Figure 6. Transport limited desorption kinetics for high affinity isotherms corresponding to polymer adsorption. τ = 0.43 p/(k*Cbulk), with mass transfer coefficient, k. Note log time scale. Reproduced with permission from reference 39. Copyright 1992 American Chemical Society.

	3C Molecular-Weight Driven Competition during Adsorption (and Polydispersity).
	Figure 7. (A) Competitive co-adsorption and exchange with kinetics tracking close to transport-limitation and near-surface equilibrium for PEO on flat acid-etched silica surfaces. Traces 1 and 2 are noncompetitive (single component) adsorption of 33K and 120K PEO from separate runs. Trace 3. Evolving surface coverage of 33K PEO species when mixed 50-50 with 120K PEO. Trace 4. Evolving overall surface coverage from 50-50 mixture. (B) Evolving numbers of adsorbed chains from polydisperse PEO sample, for (a) 493 ppm, (b) 123 ppm, and (c) 10 ppm bulk solution concentrations. (A) Reproduced with permission from reference 48. Copyright 1998 American Chemical Society. (B) Reproduced with permission from reference 66. Copyright 1996 American Chemical Society.

	3D Evidence for Far from Equilibrium Behavior and When It Matters
	4 Summary
	5 Outlook
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	Colloidal Interactions in Ionic Liquids—The Electrical Double Layer Inferred from Ion Layering and Aggregation
	Introduction
	Experimental Observations
	Short-Range Structural (Solvation) Forces Mediated by ILs
	Figure 1. Surface forces between mica surfaces in EAN at various concentrations in water: (a) 0.1 M, (b) 10% w/v (1 M) EAN in water, (c) pure EAN (11.2 M). Adapted with permission from reference 11. Copyright 1988 American Chemical Society.
	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 [C2C1Im][EtSO4] measured by SFB. Reproduced with permission from reference 22. Copyright 2010 Royal Society of Chemistry. (c) Surface forces between mica surfaces in [C2C1Im][FAP] at 0 and 37% RH. Abbreviations: FAP = tris(pentafluoroethyl)trifluorophosphate. Adapted with permission from reference 23. Copyright 2014 American Chemical Society.
	Figure 3. Layer sizes and force applied to squeeze out IL layers in (a) [C2C1Im][TFSI], [C4C1Im][TFSI] and [C6C1Im][TFSI] and (b) [C2C1Im][FAP], [C6C1Im][FAP] and [C2C1Im][EtSO4]. Abbreviation: 1-n-alkyl 3-methylimidazolium [CnC1Im]+, with n = 2, 4 and 6 for ethyl, butyl and hexyl, respectively; [TFSI] = bis(trifluoromethanesulfonyl)imide. Adapted with permission from reference 28. Copyright 2018 American Chemical Society.

	Solvation Layers Respond to Applied Surface Potential
	Long-Range Surface Interactions in Highly Concentrated Electrolytes.
	Figure 4. Surface forces across (A) [C2C1Im][TFSI] at T = 22 °C and 50 °C and (B) [C3C1Im][TFSI] at T = 22 °C and 45 °C, using the nomenclature for ILs in this article. Reproduced with permission from reference 37. Copyright 2015 National Academy of Sciences of the United States of America.
	Figure 5. Experimental decay length over the Debye length, λexp/λD, versus d/λD for [C4C1Pyrr][NTf2], its mixtures with propylene carbonate, aqueous NaCl, LiCl, KCl, and CsCl solutions. Adapted with permission from reference 17. Copyright 2016 American Chemical Society.
	Figure 6. (a) WAXS for dry [C6C1Im][EtSO4], [C6C1Im][TFSI] and [C2C1Im][EtSO4]. (b) Schematic representation of the correlation distances. Reproduced with permission from reference 40. Copyright 2015 Royal Society of Chemistry.

	Ion Aggregation Model
	Figure 7. Surface forces measured with a colloidal probe (SiO2) on mica in dry [C6C1Im][EtSO4] by AFM. The measurements were taken at an offset position of 50 µm from the location of the initial measurement. The results from the 1st, 5th, 7th, and 11th approach of the colloidal probe to mica are shown here. Adapted with permission from reference 40. Copyright 2015. Royal Society of Chemistry.
	Figure 8. (a) Wide angle X-ray scattering scans of [C6C1Im][TFSI] at various temperatures; similar results are obtained for [C2C1Im][EtSO4]. (b) Schematics of the domain ordering for [C6C1Im][TFSI] postulated based on WAXS. (c) Long-range surface force between mica surfaces in [C2C1Im][EtSO4] over time while equilibrated with dry N2. (d) Decay length λs 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 (FΔ/R, energy per unit area) required to squeeze out layers L1, L2, L3, and L4 (g) and of the thickness of the corresponding layers (Δ) over time. Similar results were obtained for [C6C1Im][TFSI]. Adapted with permission from reference 50. Copyright 2020 John Wiley & Sons, Inc.

	Findings from Theory
	Overscreening and Short-Range Interactions
	Figure 9. Charge density as a function of distance from the interface, for various surface voltages, and correlation parameters δc = lc/λd. Reproduced with permission from reference 59. Copyright 2011 American Physical Society.
	Figure 10. Layering of cations and anions at an interface from theory and simulation. Reproduced with permission from reference 63. Copyright 2020 American Physical Society.
	Figure 11. Surface pressure calculated for various surfaces charges, for symmetric and asymmetric ionic liquids. Adapted with permission from reference 65. Copyright 2022 American Chemical Society.

	Underscreening and Long-Range Interactions
	Figure 12. Surface pressure calculated between like-charged interfaces, for various extents of ion pairing. Reproduced with permission from reference 69. Copyright 2015 AIP Publishing.

	Discussion
	Figure 13. (a) Differential capacitance of [C2C1Im][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 87. 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 81. Copyright 2022 AIP Publishing.
	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 42. Copyright 2021 American Chemical Society.
	Figure 15. Differential capacitance of 1 m and 21m LiTFSI aqueous solutions on gold Au(111). Adapted with permission from reference 91. Copyright 2020 American Chemical Society.
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	Stimuli-Responsive Interfaces
	1 Introduction
	2 Synthesis and Fabrication
	2.1 Thin Films by Casting Methods
	2.2 Layer-by-Layer Deposition
	Figure 1. Layer-by-layer deposition process shown procedurally by differently colored PEs representing oppositely charged species that stack atop one another due to electrostatic attraction. Reproduced with permission from reference 36. Copyright 2010 Elsevier.

	2.3 Grafting of Polymers and Polymer Brushes
	Figure 2. Schematic illustration of end tethered polymer chains forming brush-like layer. Reproduced with permission from reference 58. Copyright 2008 Springer Nature.

	2.4 Polymer Network
	Figure 3. Various designs of crosslinked interfaces (1) when the crosslinked film can be homogeneous (a), porous (b), or composite (c): (A) on porous support (2), (B) on a conductive solid electrode (3), (C) on a solid non-porous substrate (4); on a substrate coated with noble metal clusters (5), (D) as a vesicle (1) filled with solution (6), (E) onto a porous colloidal particle (7), (F) on a flexible substrate (8), (G) located at the interface between water (9) and gas (10) or water (9) and oil (10). Reproduced with permission from reference 21. Copyright 2010 John Wiley and Sons.

	2.5 Stimuli-Responsive Colloids
	Figure 4. Futuristic picture of an intelligent multifunctional particle. Reproduced with permission from reference 36. Copyright 2010 Elsevier.
	Figure 5. Superparamagnetic nanoparticles E- and S-type carrying the enzyme and the substrate. a) cryo-TEM image and b) schematic explaining the concept of the magnetic field triggered biocatalysis. The superparamagnetic core is made of Fe3O4 nanoparticles enveloped by silica. The silica envelope is labeled with covalently bound fluorescent dyes (red for E-particles and green for S-particles). In the magnetic field, due to dipole-dipole interactions, the particles are brought into contact, so that the brush-like double-layer shells merge and intertwine, enabling interactions between the enzyme and substrate. The inner layer of the brush-shell is made of PAA that carries conjugated molecules of enzymes and substrates and provides the acidic environment for hydrolytic reactions. The external layer from PPEGMA secures a barrier function to block “unauthorized” or premature reactions of the enzyme and the substrate. The biocatalytic reaction is localized within the biocatalytic nanocompartment, which is generated in the magnetic field. The reaction is monitored by detecting the released cargo molecules. Reproduced with permission from reference 118. Copyright 2017 Springer Nature.

	3 Stimuli-Responsive Behavior
	3.1 Tunable Adsorption, Wetting, and Adhesion
	Figure 6. Two-level structure of self-adaptive surfaces: Schematic representation of needlelike surface morphology of the polytetrafluoroethylene (PTFE) surface (first level) (a) and SEM image of PTFE film after 600 s of plasma etching (b). Each needle is covered by a covalently grafted mixed brush that consists of hydrophobic and hydrophilic polymers (second level) depicted schematically in panels c–e. Its morphology results from an interplay between lateral and vertical phase segregation of the polymers, which switches the morphology and surface properties upon exposure to different solvents. In selective solvents the preferred polymers preferentially occupy the top of the surface (c and e), while in nonselective solvents, both polymers are present in the top layer (d). The lower panels (f and g) show atomic force microscopy images (model smooth substrate) of the different morphologies after exposure to different solvents. Reproduced with permission from reference 144. Copyright 2003 American Chemical Society.

	3.2 Tunable Porosity and Transport
	Figure 7. Self-assembly of a reactive catalytic Fe3O4 and glucose oxidase core within a pH-responsive capsule (A), which upon reaching acidic tumor sites, undergoes a stimuli-responsive transition to allow glucose transport into the capsule (B), which following cascading enzymatic reactions, enables the self-breakdown of the capsule and release of the anti-tumor drug (C). Reproduced with permission from reference 175. Copyright 2019 John Wiley and Sons.

	3.3 Stability and Sorting of Colloids
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	Figure 4. Adsorption of amphiphiles and biomolecules at aqueous-LC interfaces. (a,c) Schematic illustrations and (b,d) optical micrographs (crossed polars) of the orientations of mesogens at the aqueous-LC interface (a,b) prior to and (c,d) after the adsorption of an amphiphilic molecule (surfactant) that triggers a parallel to perpendicular LC orientational transition. (e,g) Schematic illustration and (f,h) micrographs (crossed polars) of LC with interface decorated with surfactant (OTAB)- ssDNA complex (e,f) before, and (g,h) after introducing complementary DNA strands. Schematic illustration of (i) α-helix structure and (j) β-sheet structure of a peptide. Dynamic optical response of the lipid-laden interface of LC to (k) rIAPP adsorption after 2h and (l) hIAPP after 18h. (b,d) Reproduced with permission from reference 63. Copyright 2009 American Chemical Society. (e-h) Reproduced with permission from reference 64. Copyright 2008 American Chemical Society. (k,l) Reproduced with permission from reference 59. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
	Figure 5. (a) Schematic illustration and (b) optical micrograph (crossed polars) of LC film in contact with an aqueous solution containing 0.5 mM SDS and 300mM NaCl. (c) Schematic illustration of flow-induced Marangoni stresses and (d) optical micrograph corresponding to the steady state optical appearance of a LC film exposed to a flowing solution of 0.5 mM SDS and 300mM NaCl. (e) Schematic illustration and (f,g) optical micrograph of a LC film incubated against an aqueous dispersion of phospholipid vesicles. (a-d) Reproduced with permission from reference 68. Copyright 2021 American Chemical Society. (e-g) Reproduced with permission from reference 69. Copyright 2020 American Chemical Society.
	Figure 6. (a,c) Schematic illustrations of hard spherical colloids in LCs. LC director profile (black dashed lines) in the vicinity of a hard colloidal microparticle with (a) planar anchoring (quadrupolar symmetry), and (c) homeotropic anchoring (dipolar symmetry). The two white dots on the microparticle surface are defects, and the one white dot off the surface of the microparticle in (c) represents the hyperbolic hedgehog point defect. (b, d) Optical micrographs of assemblies of microparticles described in (a) and (c) respectively. (e-h) Polygonal platelets in LCs. Cross-polar optical micrographs (left) and director profiles (right) around (e) triangle and (g) pentagon-shaped platelets with tangential anchoring, no and indicate the far-field director and the dipole moment, respectively. (i) Bright-field micrographs showing repulsive dipolar interaction (Fs-s) between adjacent pentagonal particles, (j) Bright-field micrograph showing dipolar attractive interaction between antiparallel dipoles of truncated pyramids shown in (i). (k,l) Examples of assemblies of convex pentagonal truncated pyramids in a homeotropic nematic LC cell, cross polar (k) and brightfield (l) optical images of a ringlike assembly. The lengths of the edges of triangles, and pentagons are 3.0 μm, and 1.5 μm, respectively. (a, c) Reproduced with permission from reference 90. Copyright 2011 IOP Publishing. (b) Reproduced with permission from reference 82. Copyright 1998 American Physical Society. (d) Reproduced with permission from reference 85. Copyright 2006 American Association for the Advancement of Science. (e-h) Reproduced with permission from reference 83. Copyright 2009 American Association for the Advancement of Science. (i-l) Reproduced with permission from reference 81. Copyright 2015 American Physical Society.

	3 Inclusions in LCs
	Hard Colloids in LCs
	Soft Colloids in LCs
	Figure 7. (a) Representative phase contrast micrograph of a stationary P. mirabilis swarm cell in a homeotropic LC film of aqueous DSCG. (b) Schematic illustration of the LC director profile (black dashed line) in a hybrid LC film and the corresponding bent configuration of a bacterial cell (red solid line). (c,g) Fluorescence optical micrograph of a giant unilamelar vesicle (GUV) dispersed in an aqueous solution of DSCG in (c) isotropic and (g) nematic phase. (e,i) Simulated morphology of GUVs with tangential degenerate anchoring before (d) and after (h) deformation. (e) Brightfield optical micrograph of red blood cells (RBCs) in isotropic DSCG solution. (i) Brightfield optical micrograph of RBCs that were strained by nematic DSCG and then cross-linked. The images were obtained after removal of the LC. (g,k) Simulated morphology of RBCs with degenerate planar anchoring, (g) before and (k) after straining. (a, b) Reproduced with permission from reference 101. Copyright 2015 Royal Society of Chemistry. (c,g) Reproduced with permission from reference 21. Copyright 2016 National Academy of Sciences. (d,h) Reproduced with permission from reference 103. (e-j) Reproduced with permission from reference 22. Copyright 2020 National Academy of Sciences.

	Motile Bacteria and LCs beyond Equilibrium
	Figure 8. (a) Optical micrographs showing dynamic association of motile bacteria in DSCG-based LC The sequence of images (bright field) shows the motion of P. mirabilis cells along the nematic director in nematic DSCG solution. (b) Example of microcargo transport by bacterial “jets” induced by the splay-bend director profiles of LCs (dashed lines in (b) at a low and (c) high concentration of bacteria. Blue and yellow lines indicate the trajectories of the colloidal microcargo. (d) Schematic illustration of self-reporting and self-regulating LCs that optically report the presence of living bacteria, followed by the trigger release of anti-bacterial agents trapped (red spheres) in bulk LC (in yellow). (e-g) Corresponding optical micrographs (e) before, (f) immediately after, and (g) after 2h (cell death) of arrival of bacteria. Optical responses and side views (crossed polars) of the aqueous LC interface corresponding to states depicted in (e-g) Scale bar, e-g, 40 μm. (h) Bright field optical micrograph and (i) corresponding schematic representation of LC director profile of a self-propelled DSCG droplet containing motile bacteria, in a prepatterned thermotropic nematic LC medium. The red line in (h) shows the unidirectional displacement by the droplet. (a) Reproduced with permission from reference 20. Copyright 2014 Royal Society of Chemistry. (b,c) Reproduced with permission from reference 104. Copyright 2020 Springer Nature. (d-g) Reproduced with permission from reference 106. Copyright 2018 Springer Nature. (h,i) Reproduced with permission from reference 107. Copyright 2021 Springer Nature.

	4 LC Emulsions, Shells and Toroids
	Figure 9. Various configurations of LC in droplets as a function of boundary conditions, shape of confinements and LC phases. (a-d) Schematic illustrations showing how boundary conditions (anchoring) in spherical nematic LC droplets (from tangential (planar) to normal (homeotropic)) lead to distinct LC configurations. (e) Bright-field and (f) cross-polar micrographs of the radial configuration in d. (g) Schematic illustration and crossed-polar micrographs (h) without or (i) with an additional 530-nm phase retardation plate of handlebody shape nematic droplets with homeotropic anchoring. (j) Schematic illustration and (k) bright-field micrograph of a Janus droplet formed using a silicone oil and a nematic LC in an aqueous phase. (l) and (m) Single polar (left) and crossed-polar (right) micrographs of LC double emulsions with (l) liquid and (m) vapor perfluorocarbon cores. (n) and (o) simulated organization of a droplet in Blue Phase I. Two different splay–bend isosurfaces are shown in red and green, and line defects are shown in yellow. (p) Micrograph and (q) schematic illustration of a smectic ellipsoidal droplet. (r) Schematic illustrations of smectic droplets with spherical and elongated shape. (e,f) Reproduced with permission from reference 119. Copyright 2011 American Association for the Advancement of Science. (g-i) Reproduced with permission from reference 122. Copyright 2014 National Academy of Sciences. (j,k) Reproduced with permission from reference 139. Copyright 2015 Royal Society of Chemistry. (l,m) Reproduced with permission from reference 52. Copyright 2019 American Chemical Society. (n,o) Reproduced with permission from reference 116. Copyright 2015 National Academy of Sciences. (p,q) Reproduced with permission from reference 140. Copyright the Authors. (r) Reproduced with permission from reference 141. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
	Figure 10. LC droplets beyond equilibrium. (a) Time series of hemisphere projections show defect dynamics of an active nematic film confined on a spherical surface. Colored dots indicate four defects. (b) Schematic illustration (left) of flow field (arrows) inside and outside of the droplet, due to Marangoni flow induced by inhomogeneous surfactant coverage on the droplet surface, distorting LC director field (black lines) and leading to internal convection and self-propelled motion. (right) Micrograph of a nematic droplet moving from left to right in a capillary, imaged between crossed polarizers with an additional 530-nm phase retardation plate. (c) Micrograph shows trajectory of a cholesteric droplet. Insets show the textures of the droplet. The arrows indicate the direction of the helical axis of the cholesteric droplet. (d) Trajectory (left) and parallel-polarized micrographs (right) of Janus droplets with nematic (N) and isotropic (I) compartments. Arrows indicate directions of motion. (a) Reproduced with permission from reference 112. Copyright 2014 American Association for the Advancement of Science. (b) Reproduced with permission from reference 113. Copyright 2016 American Physical Society. (c) Reproduced with permission from reference 145. Copyright 2017 Royal Society of Chemistry. (d) Reproduced with permission from reference 146. Copyright 2021 Royal Society of Chemistry.
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