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ABSTRACT: Significant progress has been made in understanding the IL−solid interface in the past three decades, and a key
finding is that ILs can form solidlike layers at the interface. It has been recognized that the electrostatic forces at the solid−IL
interface and self-assembly of ILs are key enablers of the IL layering. However, regarding the layering structure of ILs, research from
different laboratories is not consistent; i.e., the number of solidlike layers could range from 0 to ∼60, indicating the complexity of the
underlying mechanisms and/or the existence of overlooked key parameters. In the current review, we will discuss the underlying
mechanisms and key parameters governing the layering of ILs on mica, the most studied model solid. First, we will present the
experimental findings from various laboratories, both consistent and contradictory ones, and summarize the current understanding of
the governing mechanisms. Then, we will discuss the possible key parameters, including the structure of ILs, surface modification
and contamination of mica, and cosolvent impacting the solidlike layering of ILs. Finally, we will discuss future research directions in
uncovering the underlying mechanisms.

■ INTRODUCTION
Ionic liquids (ILs), organic salts with the melting temperature
below room temperature, have attracted increasing attention in
the past three decades because of their exceptional phys-
icochemical properties, e.g., nonvolatility, thermal and electro-
chemical stability, tunable polarity, and high ionic conductiv-
ity.1−4 Due to the bulky and asymmetric geometry of the organic
ions in ILs, electrostatic attraction and lattice-packing arrange-
ments are depressed, leading to the low melting points for ILs.5

In addition to electrostatic forces, other forces, such as hydrogen
bonding and van der Waals and solvophobic forces also play a
role in determining the properties of ILs.4,6,7 Numerous
applications of ILs involve solid−IL interfaces, and the structure
of ILs at these interfaces are critical to their performance. For
example, an IL is a good adsorbent for CO2 capture (see Figure
1a).4,8 Confining a nanometer-thick IL to porous solids, e.g.,
silica, overcomes the high cost, high viscosity, and low gas
diffusion associated with bulk ILs and is a promising approach
for large-scale operations.4,8 At solid−IL interfaces, previous
research9 showed that the interfacial structure of IL ions, which
is determined by both the chemical structure of the IL and IL−
solid interaction, significantly impacts the CO2 adsorption.

Another example is present in supported ionic liquid-phase
(SLIP) catalysts, which are produced by simply depositing thin
IL films containing catalysts on a solid support such as silica, as
shown in Figure 1b. Here, the negligible vapor pressure of ILs is
crucial to achieving the immobilization of a nanometer-thick
liquid layer on a solid support and makes it attractive for gas-
phase reactions compared to conventional volatile organic
solvents.4,8,10 Previous research11,12 indicated that the ion-level
structure at solid−IL interfaces greatly impacts the stability and
activity of the catalysts. In nanoparticle dispersions (Figure 1c),
ILs have been exploited as promising dispersion media due to
their unique solvation property,13 and it has been found that
silica nanoparticles are surprisingly stable in ILs, even without
any surfactants. Although the exact mechanism is still under
debate, it has been proposed that the layering of IL ions on the
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silica surface leads to a long-range repulsion that stabilizes the
nanoparticles.14

Significant progress has been made in understanding the
structure of ILs at the IL−solid interface in the past three
decades, and a key finding is that ILs can form solidlike layers at
the interface. To the best of our knowledge, though there have
been several excellent reviews4,5,8,15−17 on the IL−solid
interface, no review article focusing on the solidlike layering of
ILs on mica has been published to date. To address this, in this
article, the solidlike layering of ILs on mica, the most frequently
studied model solid surface due to its well-defined surface
chemistry and availability,18−22 will be reviewed with a focus on
the experimental studies. First, the current research status of the
solidlike layering of ILs on mica will be reviewed. Second, the
important parameters affecting the solidlike layering will be
discussed. Finally, future research directions to fully uncover the
governing mechanisms will be outlined.

■ SOLIDLIKE LAYERING OF IL ON MICA: CURRENT
STATUS

It is well known that the interfacial structure of molecular liquids
confined to a solid surface is different from that in the bulk.23−25

Mobile liquid molecules adjacent to the solid surface could form
“solidlike layers” (often referred to as “solvation layers”), which
usually extend to a few molecular diameters from the liquid−
solid interface. This layering structure is characterized by an
oscillatory density profile and has been observed for simple
molecular liquids as well as polymer melts. It has been proposed
that entropy is essential to the formation of solidlike layers since
layering also occurs when there is no attractive solid−liquid
interactions.24,25 It has been proposed that, under spatial
confinement when next to a solid wall, for liquid molecules the
available translational entropy decreases so much that it
becomes thermodynamically favorable for the molecules to
form an ordered solidlike layered structure.24 In this layering
process, both the size and geometry of the liquid molecules are
important because both parameters affect the packing efficiency.
For ILs, the asymmetric and bulky ions are expected to decrease
the packing efficiency. However, in 1988, Horn et al. conducted
an SFA measurement of the oscillatory force of ethylammonium
nitrate (EAN) confined betweenmica surfaces and reported that
there are as many as nine solidlike layers of EAN on the mica
surface.26 Later, many others reported the existence of extended
solidlike layering for ILs using a variety of characterization
techniques, including X-ray reflectivity (XRR),27,28 AFM
topography,19 ,29−32 AFM force−distance measure-

ments,5,18,33,34 the surface force apparatus (SFA),20,35−40 and
high-resolution X-ray interface scattering.41

Since those experimental works were conducted on mica and
the mica surface carries negative charge,42 it is generally
accepted that electrostatic interactions are critical to the
extended solidlike layering of ILs on mica,29,35,37,43−46 though
the exact mechanism, e.g., exact ionic structure of ILs, is still
under debate.16,44,47 Moreover, it has also been proposed that
the self-assembly of ILs is another key contributing to the
solidlike layering.48 Because IL ions, e.g., cations, have a
surfactant-like structure, the self-organization is expected to
form separate polar and nonpolar domains. Indeed, both
experimental49−52 and computational53,54 studies on bulk ILs
indicated the existence of mesoscopic nanostructures, which
demonstrates the self-assembling capability of ILs. At the IL−
solid interface, the self-assembling of polar and nonpolar
domains can promote the layered structure.
Although the interfacial electrostatic interaction and self-

assembly mechanisms explain the extended solidlike layering of
some ILs at the IL−mica interface, significant inconsistency
exists among various reports (see Table 1), ranging from no
layering to tens of solidlike layers even for the same IL. For
example, using angle-resolved X-ray photoelectron spectroscopy
(ARXPS), Deyko et al. found that there were no solidlike layers
after [C4C1Im] [NTf2] was deposited on the mica by physical
vapor deposition.55 In contrast, using an AFM topography
study, Bovio et al. reported that there are 50-nm-thick solidlike
layers of the same IL, which was deposited on mica by solution
casting.19 These contradictory results suggest the complexity of
the governing mechanisms of the solidlike layering of IL at the
IL−mica interface. They also imply that some key parameters
could be missing.

■ PARAMETERS IMPACTING THE SOLIDLIKE
LAYERING OF ILs

Previous research indicated that three parameters, i.e., the
structure of ILs, surface modification, and the contamination of
mica and the cosolvent, impact the solidlike layering
significantly. In this section, these three parameters will be
discussed in detail.

Structure of ILs. Previous research5,18,35,38,39,56 showed that
electrostatic interactions at the IL−mica interface and the self-
assembly ability of ILs are the key factors impacting the solidlike
layering of IL. On the negatively charged mica surface, the
adsorption of the IL cation initiates the solidlike layering, and
the self-assembly of the ILs promotes the growth of the solidlike

Figure 1. (a) Schematic of CO2 capture with ILs. (b) Schematic of SLIP catalysis of a gas-phase reaction.10 Reproduced with permission from ref 10.
(Copyright 2005 American Chemical Society). (c) Schematic showing that the solidlike layering of IL induces long-range repulsion and thus stabilizes
silica nanoparticles. The background is an optical image of a dispersion of silica nanoparticles in ILs.14 Reproduced with permission from ref 14
(copyright 2009 American Chemical Society). Figures are not drawn to scale.
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layers. The geometry of the cation influences the registry of the
cation on the mica charge sites and thus impacts the layering
process. The self-assembly ability is determined by the structure
of both cations and anions, which changes the electrostatic force,
hydrogen bonding between polar groups, and dispersion force
between the cation alkyl chains.
Using SFA, Perkin et al. systematically investigated the

interfacial structure of imidazolium- and pyrrolidinium-based
aprotic ILs, i.e., [CnC1Im][NTf2] with n = 4, 6 and [CnC1Pyrr]-
[NTf2] with n = 2, 4, 6, 8, 10, confined between two negatively
charged mica surfaces.35,38,39 In all cases, they observed the
solidlike layering and concluded that such layering results from
the negative charge of the mica surface, which attracts the cation

of the ILs and thus initiates the layering process. For
imidazolium-based ILs, they found that the length of the alkyl
chain in the cation is the key to the structure of the solidlike
layers. As shown in Figure 2, the oscillatory force profile
indicates that shorter alkyl chains result in an alternating cation−
anion monolayer, while longer alkyl chains result in a cation
bilayer structure. The bilayer structure is similar to conventional
surfactants, in which polar and nonpolar domains coexist.
Interestingly, there are two major differences between
imidazolium- and pyrrolidinium-based ILs. First, the crossover
from monolayer to bilayer occurs at different chain lengths: the
crossover point for [CnC1Im][NTf2] is 4−6, while it is 8−10 for
[CnC1Pyrr][NTf2]. (See Figures 2 and 3.) This difference has

Table 1. Solidlike Layering Structure of Ionic Liquids on Mica

cation anion
characterization

technique
thickness of solidlike

layers (nm) deposition methods and reference

C4C1Im NTf2 AFM topography ∼50 solution casting of IL on mica with the solvent evaporated under a saturated
atmosphere19

C4C1Im NTf2 SFA 6.6 neat IL confined between two mica surfaces35,39

C4C1Im NTf2 ARXPS 0 physical vapor deposition on mica under ultravacuum; dewetting occurs55

C4C1Im NTf2 frequency-
modulation AFM

several (not specified) neat IL on mica21

C4C1Im NTf2 X-ray interface
scattering

3.5 neat IL on mica45

C4C1Im FAP AFM topography 17 dip-coating of IL on mica31

C4C1Im FAP AFM topography 0 mica was heated before dip-coating; dewetting occurs31

C4C1Im PF6 AFM topography several (not specified) solution casting of IL on mica with the solvent evaporated under an ambient
atmosphere32

C4C1Im PF6 AFM topography 0 solution casting of IL on mica with the solvent evaporated under an ambient
atmosphere; APTES-modified mica32

C4C1Im PF6 AFM force−
distance

4.2 neat IL on mica33

C4C1Im PF6 SFA 4−5 neat IL between two mica surfaces37

C4C1Im PF6 SFA 0 neat IL between two OMCTS-modified mica surfaces37

C4C1Im BF4 SFA 5−6 neat IL between two mica surfaces37

C4C1Im BF4 SFA 0 neat IL between two OMCTS-modified mica surfaces37

C4C1Im BF4 frequency-
modulation AFM

several (not specified) neat IL on mica21

C1C1Im NTf2 ARXPS 0 physical vapor deposition on mica under ultravacuum; dewetting occurs55

C2C1Im EtSO4 SFA 1.1 neat IL confined between two mica surfaces20

C2C1Im NTf2 AFM force−
distance

3.8−4.5 neat IL on mica33

C2C1Im acetate AFM force−
distance

2 neat IL on mica18

C6C1Im NTf2 SFA 14.6 neat IL confined between two mica surfaces35,39

C6C1Im EtSO4 extended SFA 60 neat IL confined between two mica surfaces34

C6C1Im EtSO4 AFM force−
distance

3 neat IL on mica34

C10C1Im NTf2 SFA 8 neat IL confined between two mica surfaces40

C10C1Im NTf2 neutron scattering 4 neat IL on mica40

C4C1Pyrr NTf2 SFA 4.5 neat IL between two mica surfaces38,39

C6C1Pyrr NTf2 SFA 4.8 neat IL between two mica surfaces38,39

C8C1Pyrr NTf2 SFA 4.9 neat IL between two mica surfaces38,39

C10C1Pyrr NTf2 SFA 8.5 neat IL between two mica surfaces38,39

C2H5NH3
+ NO3

− AFM force−
distance

3 neat IL on mica5

C2H5NH3
+ HCOO− AFM force−

distance
1 neat IL on mica5

C3H7NH3
+ NO3

− AFM force−
distance

3 neat IL on mica5

C3H7NH3
+ HCOO− AFM force−

distance
0.7−1 neat IL on mica5

(CH3)2C2H5NH3
+ HCOO− AFM force−

distance
0.5−0.8 Neat IL on mica.5

(C2H5)(CH3)NH2
+ HCOO− AFM force−

distance
0.5−0.8 neat IL on mica5
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been attributed to the different packing capability of two cations.
Imidazolium rings can pack closely via π−π stacking and thus
render the aggregation of alkyl chains easier. In contrast,
pyrrolidinium rings are aliphatic in nature and cannot pack
closely via π−π stacking. As a result, longer alkyl chains are
required to form the nonpolar domain in the bilayer. Second, the
bilayer for imidazolium-based ILs has toe-to-toe structure, i.e.,
anion/cation/cation/anion. However, for pyrrolidinium-based
ILs, the alkyl chains are significantly tilted, and the [NTf2]

anions are located between the cation headgroups, i.e., anion/
cation/anion/cation. The difference here has also been
attributed to the different packing efficiency of cation rings.
Since imidazolium rings pack closely, they exclude the anions
from the nonpolar region, thus resulting in toe-to-toe structure.
For pyrrolidinium rings, they do not pack closely, which
encourages the anions to intercalate between the cation rings.
Atkin et al.5,18,56 examined the interfacial structure of

ammonium protic ILs on mica utilizing the AFM force−

Figure 2. Measured normal force, FN, normalized by the radius of curvature, R, between mica surfaces across (A) [C4C1Im][NTf2] and (B)
[C6C1Im][NTf2] as a function of surface separation,D. Schematics indicate the likely ion layering structures, showing example film configurations for
the repulsive walls indicated consisting of alternating cation/anion monolayers for [C4C1Im][NTf2] and toe-to-toe cation bilayers for
[C6C1Im][NTf2]. Reproduced with permission from ref 39 (copyright 2013 Royal Society of Chemistry).

Figure 3. Measured normal force, FN, normalized by the radius of curvature, R, between mica surfaces across (A) [C4C1Pyrr][NTf2], (B)
[C6C1Pyrr][NTf2], (C) [C8C1Pyrr][NTf2], and (D) [C10C1Pyrr][NTf2] as a function of surface separation, D. Schematics indicate the likely ion
layering structures, showing example film configurations consisting of alternating cation/anion monolayers for [CnC1Pyrr][NTf2], where n = 4, 6, 8,
and interdigitated cation bilayers for [C10C1Pyrr][NTf2]. Reproduced with permission from ref 39 (copyright 2013 Royal Society of Chemistry).
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distance profile. As shown in Figure 4A, for ethylammonium
nitrate (EAN) they found six to seven alternating cation/anion
layers and the innermost layer is the ammonium cation,
neutralizing the negative charge of the mica surface.
Interestingly, as shown in Figure 4B, increasing temperature

decreases the number of solidlike layers, which has been
attributed to the increased thermal motion disrupting the
layering of ILs. Atkin et al. also found that replacing the ethyl
group in EANwith a longer propyl group, i.e., propylammonium
nitrate (PAN), results in fewer (4 in PAN vs 6−7 in EAN) and

Figure 4. Force versus distance profile for an AFM tip approaching (blue) and retracting from (red) a mica surface in various protic ILs (A) EAN at 21
°C. (B) EAN at various temperatures. The forces here are directly comparable as the same Si3N4 tip was used in all temperature experiments. (C) PAN
at 21 °C. (D) EtAN at 21 °C. Reproduced with permission from ref 5 (copyright 2010 Royal Society of Chemistry).

Figure 5. Force versus distance profile for an AFM tip approaching (blue) and retracting from (red) a mica surface at 21 °C in (A) EAF, (B) PAF, (C)
EMAF, and (D) DMEAF. Reproduced with permission from ref 5 (copyright 2010 Royal Society of Chemistry).
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more compressible layers. (Figure 4C) They proposed that this
is because the propyl group has more rotational freedom and
thus packs more efficiently without layering. As shown in Figure
4D, when a hydroxyl group is introduced to the alkyl chain of the
cation (EtAN), fewer solidlike layers are detected. This has been
explained by the lower melting point of EtAN, similar to the
discussion above on the temperature effect. When the nitrate
anion is replaced with a formate anion, as shown in Figure 5A,B,
fewer andmore compressible solidlike layers are observed. Atkin
et al. has attributed the change to lower melting points of the IL
containing formate anion. As shown in Figure 5C,D, only a
single solidlike layer is observed for the ILs with secondary and
tertiary ammonium cations, which has been attributed to the
steric hindrance preventing the cations from closely approaching
the mica substrate. As a result, the strength of electrostatic
interactions between the cations and the mica binding sites is
reduced. Meanwhile, hydrogen bonding network formation is
limited due to fewer available hydrogen atoms in the secondary
and tertiary ammonium cations.5,18,56

More recently, utilizing amplitude modulation (AM) AFM,
Atkin et al.57 studied the lateral structure of several protic ILs on
mica. They found that the structure of the innermost layer is
primarily determined by the registry between cation and mica
charge sites. For primary ammonium ILs, the innermost ion

layer, i.e., cation, is electrostatically bound to the mica and
relatively immobile. For bulky DMEA cations, since it is difficult
for them to approach the surface charge site, the lateral structure
of the innermost layer is much weaker. In bulk protic ILs,
electrostatic force and hydrogen bonding between charged
groups and the dispersion force between cation alkyl chains
results in a solvophobic segregation into polar and nonpolar
domains. Interestingly, Atkin et al. found that the near-surface IL
structure in a lateral direction is similar to that of bulk IL.
However, it shows a compromise between the bulk IL liquid and
the surface layer. In other words, the near-surface layer exhibits a
flattening and lateral extension of the bulk structure. As
expected, the lateral layering structure is affected by both the
anion and cation structures.57 In another study by the same
group, it was also found that58 there is a correlation between the
bulk structure and the lateral surface structure of the ILs.
Different from protic EAN, aprotic [C2C1Im][NTf2] has weak
self-assembly structure in the bulk. Interestingly, it shows only
discrete ions on the mica surface where EAN exhibits an ordered
wormlike pattern. The different lateral structures of EAN and
[C2C1Im][NTf2] have been attributed to their different abilities
to self-assemble. The stronger electrostatic interactions between
localized charged group, i.e., ethylammonium, and the surface
charge sites as well as the hydrogen bonding network in EAN

Figure 6. (Left) AFM images of [C4C1Im][FAP] (1 g L−1 solution) dip-coated on a freshly cleaved mica surface (a), mica heated for 5 min at 120 °C
(b), and mica heated for 1 h at 120 °C (c). AFM images are 20 μm × 20 μm, and the height bar is 20 nm. (Right) Corresponding line profiles.
Reproduced from ref 60 (copyright 2015 Royal Society of Chemistry).
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promote its self-assembly. For [C2C1Im][NTf2], the electro-
static interactions between the surface charge sites and
delocalized [C2C1Im]+ are much weaker.58

Surface Modification/Contamination of Mica. Since the
electrostatic interaction at the IL−mica interface is critical to the
solidlike layering of ILs, the surface chemistry of the mica plays
an important role. The mica crystal has one octahedral layer of
aluminum and two tetrahedral layers of silicon sandwiched
between potassium layers. An atomically smooth mica surface
can be easily prepared by cleaving a sheet of mica along the
(001) plane with half of the potassium on each cleaved face.31 It
is expected that the ion exchange between the cation of the IL
and K+ on mica is the critical step in initiating the solidlike
layering of ILs. One way to confirm the idea is to block the
cation−K+ exchange and see how it impacts the solidlike
layering. Indeed, Liu et al.32 showed that the solidlike layers of
[C4C1Im][PF6] on mica completely disappear and dewetting,
i.e., a droplet, occurs when 3-aminopropyl-triethoxysilane
(APTES) is attached to the mica. They32 attributed the
dramatic change to the fact that, on APTES-modified mica,
the cation−K+ exchange is not possible. Bou-Malham et al.37

reported very similar results: the solidlike layers of [C4C1Im]-
[BF4] on mica disappear when the IL is in contact with the
octamethylcyclotetrasiloxane (OMCTS)-modifiedmica surface.
The freshly cleaved mica surface is hydrophilic59 and readily

absorbs water, e.g., up to a few angstroms,60 under ambient
conditions. Interestingly, recent research suggested that the
adsorbed water on the mica could be critical to the cation−K+

exchange and the solidlike layering of mica. On the basis of the
AFM and ATR-FTIR results, Gong et al.60 showed that
[C4C1Im][FAP] forms solidlike layers when water is adsorbed
on the mica surface under ambient conditions. However, when
the water is removed by heating at elevated temperatures,
instead of solidlike layers, ILs exhibit droplet structure on mica.
As shown in Figure 6a, when the mica is cleaved under ambient
conditions (22 °C, RH = 45%) right before [C4C1Im][FAP] is
deposited on mica by dip-coating, the solidlike layers are clearly
visible. However, when the freshly cleaved mica was held at 120
°C for 1 h to remove the water, the solidlike layers completely
disappeared and droplets were observed (Figure 6c)! ATR-
FTIR results60 confirmed that there is adsorbed water on mica
before heating and significant amounts of water are removed
after heating.
To explain why the adsorbed water on mica promotes

solidlike layering, Gong et al.60−62 proposed two possible
mechanisms as schematically shown in Figure 7. The first one is

water-enabled surface charging. Because the dielectric constant
of ILs is low,63 ILs are not expected to dissolve K+ ions on mica
effectively. Therefore, the surface charging of mica cannot occur.
Only after water, i.e., an effective solvent, adsorbs on the mica,
K+ ions will be effectively dissolved and leave the surface of mica.
As a result, the surface will carry negative charges and the cations
of the IL will occupy the “empty” site left by K+, which initiates
the solidlike layering. The second proposedmechanism is water-
assisted self-assembly. For bulk ILs, previous research64,65

showed that the water and IL ions are coupled via H-bonding,
which leads to a more extended polar network, i.e., a stronger
self-assembly of ILs. At the IL−mica interface, since the mica
serves as a flat template initiating the packing of ILs, the water-
assisted self-assembly of IL promotes the extended solidlike
layering.
Previously, Deyko et al.55 showed that, under ultrahigh

vacuum, dewetting occurs to [C4C1Im][NTf2] on a clean mica
surface and no solidlike layering of the IL was observed.
However, Bovio et al. found that19 exactly the same IL exhibits
extensive solidlike layering on mica under ambient conditions.
The puzzling results now can be explained if the adsorbed water
on mica is the missing key parameter in solidlike layering: there
is no water under ultrahigh vacuum. This idea was also echoed
by Cheng et al.59,66 in their AFM force−distance and SFA
studies. They found that adding water to ILs, instead of onto the
surface of mica, promotes the solidlike layering of ILs on mica
and concluded that the enhanced layering results from the
water-enabled surface charging. The results59,66 suggest that
adsorbed water from bulk IL could also contribute to the
layering of IL on mica. Wang et al.67 and Gong et al.62 reported
that high humidity promotes the macroscopic wetting of
[C2C1Im][NTf2] and [C4C1Im][NTf2] on mica and attributed
the increased wettability to the water-enabled surface charging
and the resulting layering process. (See Figure 8.)More recently,
Lhermerout et al.68 conducted the surface force balance study
and found that humidity improves the mechanical resistance of
the solidlike layers of [C4C1Pyrr][NTf2]. They attributed the
higher resistance to the better dissolution of the K+ ions on the
mica, which results in more ordered layering. This result also
supports the idea proposed by Gong et al.60−62

Although the above-mentioned results59−62,66−68 support the
idea that water is the key to the surface charging of mica and the
solidlike layering of ILs, there have been different voices. On the
basis of the amplitude-modulated atomic force microscopy
(AM-AFM) study of the metal ion adsorption in propyl-
ammonium nitrate (PAN) on mica, McDonald et al.57,69

reported that the solvation of K+ occurs when dry PAN is in
contact with mica, challenging the idea proposed by Gong et
al.60−62 that the desorption of K+ cannot occur without water.
The reason for the controversy remains unclear. However, there
are two points worth further study. First, Gong et al.60−62

studied a very hydrophobic IL, i.e., [C4C1Im][FAP], while
McDonald et al.57,69 studied a hydrophilic IL, i.e., PAN. Second,
the amount of adsorbed water on the mica surface (under
ambient conditions) might be very different, e.g., different
relative humidity (RH), between the two studies.

Cosolvent. The mixture of IL with molecular solvents is
important in many applications. For example, the conductivity
of IL solution can be effectively tuned by adding cosolvents.70 It
has also been found that the presence of water in cyano-based
ILs impairs their tribological performance.71 The fundamental
interaction between IL and molecular solvent and the solvation
dynamics have attracted a lot of research interest.72−74

Figure 7. Schematic of the effect of adsorbed water on the solidlike
layering of room-temperature IL (RTIL) on the mica surface.61

Reproduced with permission from ref 61 (copyright 2017 Elsevier).
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Regarding the layering of ILs, several groups26,59,66,75−79 have
reported that the solidlike layering of ILs on mica changes with
the addition of cosolvents, e.g., water, propylene carbonate, and
polyoxyethylene alkyl ether. This research suggests that the key
parameters impacting the solidlike layering include the
molecular size, the chemistry, and the concentration of the
cosolvent. The cosolvent could change the solidlike layering of
ILs by changing the packing efficiency of the IL molecules and/
or the surface charging of the mica. The competition of these
two factors could explain some of the controversy in the existing
literature.
On the basis of an SFA study, Horn et al.26 reported that the

number of solidlike layers of hydrophilic ethylammonium
nitrate (EAN) decreases dramatically with the addition of
water (50%), e.g., from eight to two layers, as shown in Figure 9.
The authors attributed the decrease to the difference in the
molecular size of water and EAN. A similar phenomenon has
been observed for a mixture of nonpolar molecular liquids.
When two liquids have different sizes, there will be more
possible ways to fill the space so that the ordered layering
structure is disrupted. More recently, Sakai et al.75 studied the
effect of water on the solidlike layering of a hydrophilic IL, i.e.,
[C4C1Im][BF4], and a hydrophobic IL, i.e., [C4C1Im][NTF2],
on mica with an AFM force−distance profile. They found that,
in both cases, the addition of water disrupts the solidlike layering
of ILs. Interestingly, as shown in Figure 10, they concluded that
there is an interfacial water phase formed on mica for the
hydrophobic IL but not the hydrophilic one. They attributed
this to the repulsion between the hydrophobic IL and water.
Later, Wang et al.76 and Jurado et al.77 reported similar findings
on [CxC1Im][NTf2] and [C6C1Im][EtSO4], respectively, on
mica. Sakai et al.78 also investigated a ternary mixture of IL
[C4C1Im][BF4], polyoxyethylene alkyl ether surfactant (C12E6),
and water on mica via an AFM force−distance profile. They
found that both the number and magnitude of oscillating layers

decrease with increasing water concentration at a fixed
surfactant (C12E6) concentration.
All the above-mentioned studies26,75−78 showed that the

addition of water disrupts the solidlike layering on the mica
surface. However, based on the AFM force−distance profile
shown in Figure 11, Cheng et al.59 concluded that the addition of
water to a hydrophobic IL, i.e., [C2C1Im][NTf2], promotes the
solidlike layering of the IL on mica. Later, the same authors66

also found similar results on another hydrophobic IL, i.e.,
[C8C1Im][NTf2]. They attributed the enhanced solidlike
layering to the water-enabled surface charging.59,66 The reasons
for the inconsistency between Cheng et al.59,66 and
others26,75−77 remain unclear at this point. Gong et al.60−62

proposed that water enhances the solidlike layering via water-
enabled surface charging and water-assisted self-assembly. Horn
et al.26 proposed that water disrupts the solidlike layering due to
the difference in size between water and IL. These two
competing mechanisms could explain the controversy since
the net effect of water could be highly dependent on the
structure of the IL and the concentration of the IL−water
mixture.
In addition to water, the effect of other solvents has also been

studied since pure ILs are often mixed with polar solvents to
lower their viscosity in order to increase the conductivity.80

Smith et al.79 studied a mixture of [C4C1Im][NTF2] and
propylene carbonate confined between two mica surfaces with
SFA. As shown in Figure 12, they found that the solidlike
layering exists regardless of the composition of the mixture.
However, the step size in the force curve, i.e., the thickness of the
layer, goes through a transition with a threshold concentration of
30−35 mol % IL. Below the threshold, the step size, i.e., ∼0.55
nm, is the size of propylene carbonate. Above the threshold, the
step size, i.e., ∼0.8 nm, is the size of the cation/anion IL pair.
The finding here is clearly very different from that in the mixture
of water and ILs, where the water itself does not show observable

Figure 8. Proposed mechanisms illustrating the effect of adsorbed water on the molecular arrangement and wetting of ILs on the mica surface. (a) Dry
mica (top). (b) Wet mica (bottom). Reproduced with permission from ref 62 (copyright 2018 America Chemical Society).
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solidlike layering. This difference could be attributed to the fact
that water shows high fluidity when confined to the mica
surfaces81,82 and thus does not form solidlike layers.

■ CONCLUSIONS
Although the underlying mechanism governing the solidlike
layering structure of ILs at the IL−mica interface has not been
fully uncovered, the progress and its implications in various
applications are exciting. The electrostatic interaction at the IL−
solid interface and the self-assembly of ILs, i.e., segregation of
polar and nonpolar domains, are two key mechanisms. Many
parameters, including the chemical structure of the cation and
anion of ILs, the surface modification/contamination, and the
cosolvents, impact the solidlike layering via these two
mechanisms.

■ FUTURE OUTLOOK
Moving forward, there are still critical questions to be addressed
to completely understand the underlying mechanisms.
First, how will the kinetic factor, i.e., the mobility of ILs,

impact the solidlike layering of ILs? It is unclear at this point
whether the observed solidlike layering in different studies is an
equilibrium state. Given the fact that the bulk viscosity of ILs is
much higher than that of molecular liquids, it is expected that the
mobility of the IL is low, which is especially true when the IL is
confined to a solid surface such as mica. Therefore, it is possible
that the interfacial structure of ILs, after deposition or under
mechanical stress, will change with time.83,84 However, no
systematic study has been conducted to address the possible
kinetic effect. A good starting point will be the thermal annealing
study. It will be interesting to see whether the solidlike layering
will change with the annealing temperature and time. Since the
thermal stability of ILs is high, the decomposition or evaporation
of ILs is not a concern here. Another valuable study will be on
the effect of the deposition method. When the IL is applied to
the mica via solution casting or dip-coating, the existence of
solvents is expected to increase the mobility of the IL and thus
change the interfacial structure of the IL. A careful study of the
chemistry and the evaporation rate of the solvent will provide
insight into the possible kinetic effect.
Second, it is highly desirable to experimentally characterize

the surface charging of mica in contact with dry and wet ILs. It
has been generally accepted that the electrostatic force at the IL/
mica interface is critical to the solidlike layering. However, the
exact surface charging mechanism is still under debate. At this
point, there is no consensus on whether the dissociation of K+ is
dependent on the adsorption of water at the interface. Since
water adsorption is inevitable in many applications, it is essential
to address this issue. Zeta potential measurements of the mica in
contact with dry and wet ILs will be a good start to uncovering
the mechanism. It is important to point out that the surface
condition of mica needs to be carefully controlled and
documented since mica readily adsorbs water under ambient
conditions. As a result, a dry IL does not necessarily guarantee a
dry IL−mica interface. Moreover, it will be interesting to extend

Figure 9. Forces measured in concentrated ethylammonium nitrate
(EAN) solutions. The volume fractions are (a) 10, (b) 50, (c) 70, (d)
83, (e) 90, and (f) 100%, i.e., pure molten salt. Because a spring is used
to measure the forces, there is an instability that causes the surfaces to
jump outward from minima in the force curve.17 These points are

Figure 9. continued

shown as arrowheads. Those parts of the force curve that have a positive
slope are inaccessible and so are shown as dashed lines. Filled circles are
measured points that must lie on stable regions of the curve, indicated
by solid lines. Reproduced with permission from ref 26 (copyright 1988
American Chemical Society).
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the research from IL/water to other IL/solvent mixtures for two
reasons. First, IL/solvent mixtures are important in many
applications. Second, elucidating the solvent effect will help us to
uncover the governing mechanisms of the surface charging of
mica.
Finally, it is essential to obtain more detailed information on

the arrangement of ions of IL in the solidlike layers. To date, the
exact molecular structure of ILs in the solidlike layers remains
unclear. Much controversy exists regarding the molecular

orientation of the IL ions in the solidlike layers. One of the
important reasons for the inconsistency is due to the limitation
of individual characterization techniques. Physical character-
ization techniques, e.g., AFM, SFA, and XRR, directly show the
existence of the IL layers andmeasure the thickness of the layers.
However, they do not provide direct information on the
arrangement of the IL ions within the layer. Meanwhile,
chemical characterizations, such as XPS and SFG, directly probe
the molecular arrangement of IL ions, but they cannot provide

Figure 10. Inward force curves measured in [C4C1Im][NTF2] with and without added water. The solid substance employed here is mica, and the
water concentrations measured by the Karl Fischer method are (a) 3 X10−4, (b) 1.2, (c) 1.4, and (d) 2.0 wt % (saturation level). Reproduced with
permission from ref 75(copyright 2015 America Chemical Society).

Figure 11. Interfacial IL layering characteristic of (a−c) humid and (d−f) dry [C2C1Im][NTf2] ionic liquid over 6 h. Layering histograms are
generated from the 2D force versus relative distance probability density plots that are shown to the left of each layering histograms. All of the 2D
population plots were generated from 40 randomly selected forces versus distance measurements. Reproduced with permission from ref 59 (copyright
2015 John Wiley and Sons).
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direct information about the existence and the thickness of IL
layers. Therefore, it is highly desirable to investigate the IL−
mica interface using both physical and chemical techniques.
Related to this, it will be interesting to further investigate the
effect of water on the self-assembly of ILs, e.g., with different
alkyl chains on the cation. Neutron reflectivity (NR) and ATR-
FTIR are promising techniques to characterize the distribution
of water in the IL layers and thus uncover how water affects the
self-assembly of ILs.
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