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Recent experiments, which show interfacial IL
nanostructure is a consequence of both surface specific and
bulk liquid interactions, enable us to develop molecular
design rules for controlling interfacial IL behavior.

Abstract

Ionic Liquids’ (ILs) remarkable and tunable physicochemical properties mean they have distinct
performance advantages over conventional solvents in many settings. However, the use of ILs in
surface dependent processes (e.g. electrodeposition, heterogeneous catalysis, dye solar cells) is
hindered by the lack of a systematic understanding of IL interfacial structure. In this Perspective
Review, we highlight recent experiments which show interfacial IL nanostructure is a
consequence of both surface specific and bulk liquid interactions. These results enable us to

develop molecular design rules for controlling interfacial IL behavior.

* To whom correspondence should be addressed: Rob.Atkin @newcastle.edu.au
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1. Introduction

Within the rich landscape of chemical solvents,!'! ionic liquids (ILs) occupy a unique and
fascinating position. As salts composed solely of ions, one might reasonably expect ILs to be
crystalline solids at ambient temperatures due to electrostatic forces.'”! However, by
incorporating sterically-mismatched anions and cations, ILs melt below 100°C because,
compared to common inorganic salts, Coulombic attractions are dampened and lattice-packing

arrangements frustrated.”!

ILs reside at the intersection between solution and materials chemistry and as such their history

reflects progress in both disciplines.m Their journey from niche electrolytes”’ to mainstream

[10-12]

appeal[6'9] has been driven by green principles and often remarkable physicochemical

properties.[6’l3'16] These features, combined with the relative ease in which they can be prepared,

handled and even distilled"">"”'® under standard laboratory conditions, has even inspired several

authors to advocate ILs as wholesale replacements for conventional solvents.'*2!

[22] 23]

Although first reported in 1914, perceptions as to what constitutes an IL are still evolving.

Suggestions vary from condensed (ionic crystal and liquid) phases of matter>** to fragile glass-

[26,27]

forming systems or the missing link between aqueous/organic solutions and high-

temperature molten salts.”® Others have drawn analogies to solvent mixtures;*”! whereby the

[23] [3

anions and cations or ionic and non-ionic I SCngl’ltS are seen as discrete Components in the

liquid phase. The vast number of potential st complicates this discussion, as a diverse range
of liquid chemistries are possible.

ILs can be defined as protic or aprotic, depending on the mechanism of cation formation.'**!!

t,[32’33]

Other categories, notably the chiral subse may include both protic and aprotic ILs. Protic

ILs are formed by a proton transfer reaction between an acid and base, which means they donate
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and accept hydrogen bonds, assembling H-bonded networks physically and chemically
reminiscent of water.!">**>”! This proton transfer is a chemical equilibrium, and MacFarlane &

Seddon argue that the resulting fluid should only be considered a pure “ionic liquid” if the

concentration of neutral species is less than 1%.1°* Alternatively, Angell & co-workers''®

defined “strong” and “weak” ILs from comparisons with well-understood ideal aqueous behavior

using Walden plots of molar conductivity versus fluidity.

Charge-transfer metathesis and quaternization reactions produce aprotic ILs, often consisting of
organic imidazolium or pyrrolidinium-based cations. Aprotic ILs form inter- and intra-molecular
hydrogen bonds, but usually not networks like protics. IL synthesis is discussed in detail in the

comprehensive reviews by Davis et. al.*”! and Beyersdorff et. al.!*"!

The emergence of ILs as solvents has instigated several new and exciting areas of scientific

research. Since the discovery that ILs could be made with air- and water-stable anions, """ ILs

[8,43] [8.44]

have been used in a host of chemical applications including organic synthesis, catalysis,

[47]

electrodeposition,***>*! dye-sensitized solar cells*’! and lubrication,'**! inter alia. Moreover,

there appears to be certain synergism between ILs and nanotechnology, as various products of

[49-51] [52-55] [56,57]

the nanotechnology revolution (polymers, nanoparticles, nanotubes,

microemulsions”® ") have conspicuously well-regulated nanoscopic structure when prepared in

1[61-68] 1[69-72]

ILs. This is not a coincidence. Mounting experimenta and theoretica evidence

suggests ILs are heterogeneous on the nanoscale, with polar and apolar domains in the bulk
liquid. In some respects, this model is structurally analogous to a thermodynamically stable
bicontinuous microemulsion, but with length scales at least an order of magnitude lower. A

structured liquid morphology accounts for IL’s ability to dissolve unusual combinations of

solutes, and provides insight into some distinct performance advantages over molecular solvents.



Much current IL research focuses on their ‘designer’ characteristics,!”!

namely, the capacity to
tune key intermolecular forces that govern liquid behaviour. IL structure-property relationships
arise from a delicate balance of long-range (Coulombic) and short-range (van der Waals, dipole-
dipole, hydrogen bonding, solvophobic!’") interactions, programmed by the choice of anions and
cations. Thus, as summarized in Figure 1, molecular control of liquid properties is possible
depending on how the ions are functionalized.””’* Unlike conventional solvents, this enables
important solvency parameters (polarity, viscosity, cohesive energy, etc.) to be changed at the
chemist’s discretion, as molecular structure determines the set of intermolecular forces
expressed.[75’76] IL solvents can therefore be designed for a particular reaction or process similar

to retrosynthetic methodologies in organic chemistry /"

a significant departure from empirical
approaches to solvent selection; Desirable physicochemical properties can be identified from

which to work backwards to determine appropriate IL molecular structures.

Currentdirection of research

N 7N 7N

Molecular Intermolecular i i
Nanostructure & Physicochemical
Structure forces Properties

S I I

Facilitate Retrosynthetic Approach

Figure 1. Schematic representation of the current scientific paradigm in IL research. This simplified diagram is

analogous to retrosynthetic methodologies in organic chemistry.

Compared to bulk liquid structure, the arrangement of IL ions at solid-liquid interface has
received scant attention, and yet many promising IL-based applications involve interfaces. One
reason the chemical and economic potential of ILs remains unfulfilled is that design rules for
controlling interfacial behaviour are only beginning to be determined.'”"*%% Sum frequency
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generation (SFG) spectroscopy has revealed the orientation of the first ion layer adjacent to solid

(silica,[88’89] quartz,[go’gl] Pt,[92'95] TiOz[%]) or air’®” 'Y interfaces. To probe whether order is

[102-105] [106]

present beyond this first layer, X-ray and neutron reflectivity, ' and computer
simulations®”'""""* have been employed. These studies suggest an oscillatory ion density profile
at the interface, similar to reports of solvation layers in molecular liquids.™' The period of the
oscillations is consistent predicted (anion + cation) dimensions, and the distance the distance the
interfacial structure propagates into the bulk liquid depends on the structure of the ions. Despite

this progress, the strength of IL-substrate interactions, and of cohesive interactions within layers,

has not been revealed. Equally, the orientation of ions within the near surface layers elucidated.

In conventional molecular solvents interfacial forces are controlled using amphiphilic

[83-85] I . [86,87] .
compounds. Amphiphiles can serve the same purpose in ILs, however in some cases
the IL itself (usually the cation) is surface active. The ability to fix a robust interfacial
nanostructure that can endure static and dynamic operating conditions is attractive, especially for
situations where surfactant or polymer adsorption is undesirable.

In this Perspective Review, we highlight recent research into interfacial IL nanostructure, which

. . . ,[73] - .
is shown to be a consequence of surface specific and ‘solvophobic’t”*! interactions.

T water,

Solvophobicity in a non-aqueous solvent is analogous to the ‘hydrophobic effect
and is central to IL molecular organization in the bulk and within solvation layers at solid
interfaces. The overarching consequence of solvophobic forces is that the bulk and surface
structures are closely related. This finding allows us to make inferences for molecularly

designing ILs likely to be suitable for a given application, depending on whether near-surface

order is desirable or not.



2. Solvation Layers in Molecular Liquids

Close to an interface, the molecular organization of fluids is often different to that in the
bulk.®*"* Within the solvation zone immediately adjacent to a flat solid, mobile liquid
molecules are induced into discrete layers. This liquid ordering, termed ‘solvation layers,’ is
characterized by an oscillatory molecular density profile that extends a few molecular diameters
from the interface. The associated ‘solvation force’ cannot be explained by continuum theories of

[114-116]

van der Waals, or electrostatic forces as it is mainly of geometric origin, and even occurs

in the absence of attractive surface-liquid interactions. ™

Theoretical descriptions of solvation layers first appeared in the literature in the 1970s. Both

[117-121] [122]

Monte Carlo simulations and formalist hypernetted-chain approximations™ ' suggested
spherical liquid molecules had oscillatory molecular density profiles when confined between two
hard walls. In 1981, Horn & Isrealachvili offered the first experimental evidence of solvation
layers using the newly developed surface forces apparatus (SFA).!'#! They measured oscillatory
forces for octamethylcyclotetrasiloxane (OMCTS) confined between atomically smooth mica
surfaces as a function of absolute separation, confirming alternating regions of attraction and
repulsion. The period of oscillation corresponded to the size of the solvent molecules whilst the
amplitude decreased with increasing separation. The form of the data was consistent with layers

of OMCTS being squeezed out of the closing gap (c.f. Figure 2).1871

Further experiments with other liquids revealed that the number of oscillations decreased with
increasing molecular flexibility, as flexible molecules can pack (space fill) effectively without
layering.!'**! Surface roughness of the order of the size of the solvent molecule, was shown to
disrupt layering, so that oscillations were smeared out and replaced by a purely monotonic force

[125]

that still originates from discrete molecular structure. 1% Hydrogen bonding' ' or temperature



changes, such as supercooling the solvent to below its freezing point,m(’] had negligible effects
on the solvation force. This latter finding means that solvation layering in molecular liquids is

not a consequence of surface-mediated ‘pre-freezing’ of the liquid.[83 ]

The invention of the Atomic Force Microscope (AFM) has allowed near-surface molecular
ordering to be studied on a much wider variety of substrates.'2713?! Initially developed to image
the topography of insulating surfaces with a sharp tip,!"** AFM has become a standard tool in
physical chemistry for high resolution surface force measurements.''*'**! Force-resolution is

[135,136] spring constant"*” and apparent roughness.[13 %1 Within

sensitive to the AFM tip geometry,
a specially designed fluid cell,'*® the AFM allows the structure and composition of interfacial
layers to be determined, as well as the interaction strength between the surface and adjacent

liquid molecules. Compared to SFA, AFM has smaller (~ x10°) and less well-defined contact

area, and the absolute separation between tip and surface is unknown.

2 22
(%)
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z 3 4
Instance / molecular diameters

Figure 2. Schematic structure of a simple liquid confined between two parallel walls. The order changes drastically
depending on distance, which results in an oscillatory force.

' Reprinted from Surface Science Reports, 59(1-6); H.-J. Butt, B. Cappella, M. Kappl; Force measurements with the
atomic force microscope: Technique, interpretation and applications, p. 1-152, 2005 with permission from Elsevier
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In recent years, computer models have been used to simulate solvation forces acting in molecular

liquids confined between an AFM tip and solid surface. The tip and substrate are represented as

[139,140] [141] -

large and infinitely large spherical bodies respectively or rigid arrays of atoms' " in the
vicinity of interacting fluid particles. Whilst direct comparison with experimental results is
limited (the models do not account for dispersion forces associated with tip-substrate
interactions), the findings are qualitatively similar and show that the liquid particles in the

solvation zone are highly ordered compared to the bulk. Increasing the radius of the AFM tip

was found to affect the amplitude of the theoretical force oscillations but not the step sizes.



Table 1. Structure, molecular weight (MW), density (p), molecular volume (M,), ion pair diameter (D,,), melting
point (MP) and H,O content of the ionic liquids examined. M, is determined from p and MW while D, is found by
taking the cube root of M, as described by Horn et al.,"™* which assumes a cubic packing geometry. Carbon atoms
are shaded grey, nitrogen are blue, fluorine are yellow, sulfur are orange, phosphorus are pink, oxygen are red. Only
polar hydrogens (in white) are shown.

MW p M, | D, | MP | mo
(g.mol'l) (g.cm"”) (nm3) (nm) (°C) | content

: : <0.01
Ethylamr(ﬂé)&l;antrate M 108.1 | 121 | 015 | 053 | 13 | o

IL Structure

um Ni —& <001
By e ’_ﬂ. { 1240 | 126 | 0.16 | 054 | 252 | e

Ethylammonium Formate " i 0.5wt%
(EAF) G/Qw‘ .\5,,- 91.1 0.99 0.15 | 0.53 15

<0.01

Pr0py1am$<;1;l;mN“fate e—«ag:{ 122.1 116 | 0.18 | 056 | 35 | o

Propylammonium Formate { 0.5wt%
(PAF) A x‘ 1051 | 090 | 0.19 | 057 | -554
Ethylmethylammonium .
formate { 106.1 | 1.03 | 017 | 056 | - | 0-5wt%
(EMAF) 3
Dimethyethylammonium
formate 1192 | 1.03 | 019 | 057 | - | 0-5wt%

(DMEAF) o *

1-ethyl-3-methylimidazolium

bis(trifluoromethane sulfonyl) < © 15 2ppm
imide 391 1.51 043 | 0.75 PP
([EMIm]TFSA) ¥
[
e 0
1-butyl-1-methylpyrrolidinium f t
bis(trifluoromethane sulfonyl) I ¥ 422 1.41 050 | 0.79 -6 2ppm
imide ' ' '
([BMP]TFSA) b
1-butyl-3-methyl-imidazolium <0.1
hexaflurophosphate 284 1.37 0.34 | 0.70 12 vIv%
([BMIm]PFy)
1-ethyl-3-methylimidazolium 0.35
acetate 170 1.03 027 | 0.65 | <-20 V%
([EMIm]Ac)




3. Solvation Layers in Ionic Liquids

In this section the structure of ILs at mica, silica, graphite and gold interfaces is reviewed. The

EAN — mica and PAN — mica systems are considered first, as both the structure of the bulk

[62,63,67] [78,142]

liquids and the surface properties are well defined. In the context of solvation layer
formation it is important to realize that EAN and PAN, composed only of an ethyl or propyl
chains and a charged ammonium headgroup, respond to the solvophobic effect and are induced
into disordered sponge-like phases reminiscent of traditional surfactant self—assembly.[62’63’67]
Thus, when these same ILs are observed under confinement, a basis for liquid ordering is already
present; open to question is how the solid surface effects this structure. These results provide a
framework for interpreting force experiments on mica for other protic and aprotic ILs, for which
the bulk IL structure is not known in most cases. Data obtained using silica, graphite and gold
substrates is then described. Silica is rougher and has lower surface charge density than mica,
which reduces the level of interfacial order. Graphite is atomically smooth, but interacts
solvophobically with the ionic liquid rather than electrostatically, which alters the interfacial

structure. The gold (111) surfaces examined are atomically smooth but have lower surface

charge than mica, which produces subtle variation in the force data.

3.1 Mica
Protic ILs on Mica

Not long after the earliest investigations of solvation layers in molecular liquids, Horn ef al.

detected oscillatory force profiles in an IL* using SFA."* Four to five oscillations were

* The paper refers to the IL as a ‘molten salt at room temperature.’
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measured for the protic IL ethylammonium nitrate (EAN) before the repulsion became so strong
that it prevented closer approach of the mica surfaces. The step period of 0.5-0.6 nm was
consistent with the size of the EAN ion pair assuming a cubic packing geometry, suggesting the
cation and anion are present in approximately equal numbers in the layers. The force required to
squeeze-out a layer decreased farther from the surface as the level of liquid ordering lowered.
The authors inferred that up to nine layers were present on the basis of absolute mica-mica
separations. Moreover, the similarity of the data to other nonpolar solvents suggested that neither
the ionic nature of EAN nor its capacity to form a hydrogen-bonding network significantly
affected solvation layer formation. However, as water was added, the electrical double layer
force began to dominate, and at 50:50 (v/v%) EAN:H,O0, the solution behaved as a typical 1:1

electrolyte.

A quarter of a century later, surface structuring was revisited for both protic and aprotic ILs
confined between Si3N4 AFM tips, and solid substrates.!”8** Two main features are consistently
seen in the AFM data: (1) a series of repeating ‘push-throughs’ at discrete separations on tip
approach and (sometimes) retraction and (2) a significant increase in the rupture force closer to
the surface. Both of these results are indicative of near-surface liquid ordering that is more
pronounced closer to the substrate. The contrast between the oscillatory results obtained by Horn

et. al. and the stepwise AFM data can be ascribed to the differences in the experimental methods.

Typical AFM force versus separation data for the EAN - mica system is shown in Figure 3A and
may be rationalized as follows. At tip-surface distances greater than 4 nm, zero force is recorded
as the tip experiences negligible resistance as it moves through the IL towards the mica. This
point is significant, as it shows that the AFM is insensitive to the relatively disordered structure

that exists in the bulk EAN.[***¢71 At 4 1 nm the tip encounters the first detectable solvation
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layer and pushes against it. The force increases up to 0.1 nN then the tip ruptures the layer and
‘jumps’ 0.5 nm before it encounters another layer 3.6 nm from the interface, and the process is
repeated. The jump interval in all cases is 0.5 nm, in excellent agreement with the predicted ion
pair diameter of EAN (Table 1) and previous SFA results.""** Solvation forces increase sharply
close to the substrate: the rupture force for the 6™ solvation layer is only a fifth of that of the
layer nearest the substrate, showing the layers closest to the surface are most organized.
Attractions between adsorbed EA™ cations on the tip and substrate are responsible for the
adhesion force (6 nN) upon retraction. Zero force is reached at a separation of 2 nm, which
corresponds to the fourth measured solvent layer.

In isolation, force measurements cannot determine whether there is a preferred orientation within

1421 guggests that EA*

the layers of ion pairs. However, the fact that EAN is autophobic on mica
cations are adsorbed first; ammonium headgroup associated with the negatively charged surface
and ethyl groups pointing out to the bulk. This hypothesis should lead to a thinner innermost
layer on mica composed mostly of cations, however from Figure 3A, the thickness of the step
closest to the substrate remains the same as subsequent steps. As one EA" occupies an area

2, [143 . )
), even at cation saturation

greater than the size of a mica charge site (one per 0.48 nm
coverage, the degree of substrate charge quenching cannot exceed 87%.!"** Thus, we contend
that an electrostatically bound layer of cations is present at the interface which the tip cannot
penetrate. This means the ‘zero’ distance on the force profile in fact corresponds to a strongly-
bound, compact cation layer. The first non-adsorbed layer detected by AFM is then likely to

consist of an EAN ion pair; the EA" cations arranged nearest to the substrate and oriented with

alkyl groups pointing towards the surface to maximise solvophobic interactions with surface

12



bound cations. This is followed by a NO;™ anion layer above the EA* ammonium headgroup, to

quench the electrostatic charge.

In molecular liquids, small changes in temperature have no significant effect on solvation
layering.'*>'**! While this holds for the bulk structure of ILs,'®"! force versus distance curves for
the EAN-mica system (Figure 3B) show a significant temperature dependence.m] As the
temperature is increased from 14°C to 30 C the number of layers present decreases from 7 to 4
layers. The force required to rupture the innermost solvation layer also decreases by more than
half. Both results are due to increased thermal motion of ions, disrupting solvophobic attractions
between cation alkyl groups which decreases liquid structuring. In each instance the step size
remains unchanged at 0.5 nm, consistent with EAN’s constant density over this temperature

range.

Increasing the length of the cation alkyl group from ethyl to propyl notably changes the force
profile (Figure 3C)."8 The propyl group confers more rotational freedom than an ethyl group
and hence can pack efficiently without layering. As a result fewer layers are detected, and those
that are present are no longer vertical, reminiscent of SFA results in molecular liquids that
compared the interfacial behaviour of flexible n-octane to inflexible cyclohexane.[124] Critically,
the innermost layer at 0.5 nm was not always present in PAN, and the expected third step at 1.5
nm was rarely observed. The adhesion observed on retraction is greater for PAN than for EAN,
due to stronger solvophobic interactions between propyl moieties of PA™ ions adsorbed to mica

and the tip.

Covalent tethering of an hydroxyl moiety to the ethyl chain in ethanolammonium nitrate (EtAN)
dramatically alters the form of the approach data (Figure 3D)."**" EtAN exhibits fewer surface

layers than either EAN or PAN. This might reasonably be expected, as the melting point of

13



EtAN is 38°C below that of EAN (Table 1), and the results for EAN demonstrate that layering
decreases the further the temperature is increased above melting point. Further, the measured
steps for EtAN are non-vertical. This indicates that EtAN is much less ordered near the surface,
with the compressibility of EtAN layers attributed to the greater flexibility of the longer cation

chain, similar to arguments made for PAN.
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Figure 3. 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 (Reproduced with permission from Reference [73]) (B) EAN at various
temperatures. The forces here are directly comparable as the same SizN, tip was used in all temperature experiments.
(C) PAN at 21°C. (Reproduced with permission from Reference [73]) (D) EtAN at 21°C. (Reproduced with

permission from Reference [74]).
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Fewer layers are detected when the nitrate anion is replaced with a formate anion (EAF and
PAF), c.f. Figure 4A and 4B. As with EtAN, this might be expected from the melting points of
EAF and PAF, which are 28°C and 64°C lower than those of EAN and PAN, respectively (see
Table 1). Like the corresponding nitrates, the retraction curves for EAF and PAF show a strong
adhesion between the cation layers adsorbed to the AFM tip and the mica substrate, requiring a
force in excess of 10 nN to withdraw the tip; interactions between ethylammonium ions and both

the AFM tip and mica substrate seem to be unaffected by changing anion.

Of particular interest is the force profile of PAF in Figure 4B, where the ion pairs are so weakly
bound together that the AFM tip is able to disrupt one ion sub-layer and leave the other intact.
This provides the clearest proof of alternating interfacial sublayers of cations and anions in ILs.
Significantly thinner than expected steps are observed at 0.28, 0.60 nm, 0.83 and 1.17 nm. As
zero separation corresponds to a layer of PA™ ions electrostatically adsorbed to mica with the
propyl chains oriented towards the bulk, we postulate that the closest measurable layer at 0.28
nm corresponds to second PA* layer with alkyl tails orientated towards the mica surface,
interacting solvophobically with adsorbed cations. The distinct step between 0.28 and 0.60 nm
therefore equates to a neutralising layer of HCOO™ anions. The proposed thickness of the cation
sub-layer is 0.28 nm and the anion sub-layer of 0.32 nm, yielding a total thickness of 0.6 nm
consistent with the ion pair diameter of PAF. The next two layers have similar thicknesses within
the accuracy of the measurement. It should be noted cation and anion separation was sometimes

observed for EAF, but not consistently enough to be related in detail.

The secondary and tertiary ammonium salts (Figures 4C & D) ethylmethylammonium formate
(EMAF) and dimethyethylammonium formate (DMEAF) only exhibit single layers at a

separation of 0.57 nm and 0.45 nm thick respectively, with relatively small (2nN) and large

15



rupture forces (8 nN).® The spacing measured in EMAF is in good agreement with the calculated

ion pair diameter (Table 1) and it is expected that one (cation + anion) solvation layer is present

in addition to a surface adsorbed layer of cations that, like EAN, the tip cannot penetrate.
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Figure 4. 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 Reference [74]).

The measured step size for DMEAF is conspicuously thin, 21% smaller than predicted from ion

pair geometry. This provides strong evidence for a layer of weakly surface-adsorbed cations with

no solvation layers reaching further into solution. Steric-hindrance of the DMEA™ charge centre

prevents close approach to the substrate, reducing the strength of electrostatic attractions to the

mica binding site, and allowing the AFM tip to displace the cation layer and move into contact

¥ The formate based alkylammonium protic ILs are examined as the corresponding nitrates are explosive at room

temperature!
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with the surface. Unlike the primary and secondary ammonium cations, no strong adhesion is

observed on retraction, consistent with the direct tip-mica contact.
Aprotic ILs on Mica

The force profiles for the aprotic ILs 1-ethyl-3-methylimidazolium bis(trifluoromethane
sulfonyl) imide (EMIm TFSA) and 1-butyl-1-methylpyrrolidinium bis(trifluoromethane
sulfonyl) imide (BMP TFSA) are shown in Figure 5SA and 5B.5% The step width in all cases is in
excellent agreement with the predicted ion pair diameters (Table 1) and Bragg spacings from
prior crystallographic data.!"*"! Solvation forces increase sharply close to the substrate, indicting
robust liquid interfacial structure near the surface. Upon tip retraction (shown in red) the force
varies in a similar step-wise fashion due to spontaneous reformation of liquid layers.
Solvophobic attractions between the alkyl groups of cations adsorbed to the AFM tip and cations

present adsorbed to the substrate or within layers are responsible for the small adhesive forces.

In comparison to other ILs reported in this series of experiments, the interfacial ordering of 1-
butyl-3-methyl-imidazolium hexaflurophosphate [BMIm]PFs (Figure 5D), is particularly
pronounced. Six solvation layers are detected on approach and almost as many upon
retraction.”™ The non-vertical ‘push-throughs’ are due to molecular flexibility imparted by the
imidazolium butyl moiety, as per PAN argument developed above. The high number of layers
detected at the interface is reflective of the close proximity of the IL’s melting point. The PFs
anion also appears to be more conducive to structure formation than TFSA", NO3;” or HCOO',
underlining the importance of molecular features related to symmetry (octahedral geometry, even

charge distribution).
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Figure 5. Force versus distance profile for an AFM tip approaching (blue) and retracting from (red) a mica surface
in (A) [EMIm]TFSA, (B) [BMP]TESA, (C) [EMIm]Ac and (D) [BMIm]PF¢ (Reproduced with permission from

References [73] and [75]).

3.2 Silica

Silica has lower surface charge and greater roughness than mica. In water the surface charge of
silica arises from hydrolysis of surface hydroxyl groups and is a function of the relative
population of charged species at the surface. The surface charge density of silica is expected to
be significantly higher in ILs than in water (typically one site per 20 nm? at neutral pH''*"), but
still less than mica (one site per 0.48 nm?''**). The rms roughness of the silica used was

determined by AFM to be 1.3 nm for a 5 x 5 um region and 0.2 nm for a 300 x 300 nm region,
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which is sufficient to broaden otherwise distinct solvation layers.[83 IRoughness greater than the

solvent molecular size can eliminate solvation layers cornpletely.[123 ]

Protic ILs on Silica

A typical force profile for the EAN — silica system is given in Figure 6A.""* Clear steps in the
data are present but the greater roughness of the silica substrate smears the peaks considerably. A
repulsive force is first measured on approach at 2.7 nm. Ensuing steps in the data are consistent
with the molecular diameter of EAN, but they are slightly slanted due to compressibility
imparted by surface roughness. The thinness of the innermost step (0.25 nm) suggests it consists
of an electrostatically bound EA™ layer, inferred but never observed for mica. As the silica is of
lower surface charge density than mica, the adsorbed layer can be displaced by the AFM tip at
sufficiently high force. The force profile for the retraction is quite similar to that recorded for the

approach as there is negligible adhesion of the AFM tip to the surface.

The PAN —ssilica force curve (Figure 6B) is similar to EAN — silica in many respects. The
morphology is appears disordered due to surface roughness and is characterized by strong
repulsive forces on approach. A distinct PA™ layer is also noted which, as for EAN-silica and

DMEAF-mica, can be penetrated by the AFM tip.
Aprotic ILs on Silica

The [EMIm]Ac - silica force profile is presented in Figure 6C."”* The data resembles the surface
interaction of this IL with mica (Figure 5C) and suggests an electrostatically bound interfacial
layer of EMIm" cations, followed by two layers with widths consistent with the ion pair. The
reduced spacing of the inner cation layer is consistent with the ethyl group being orientated

approximately normal to the interface. The increased molecular volume and delocalization of
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charge on EMIm" compared to the EA™ cation means that absorption is weaker for the aprotic IL.
This in turn reduces the ordering propensity of the liquid at the interface; adsorption serves to

template the ensuing ion pair layer through solvophobic interactions between cations.
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Figure 6. Force versus distance profile between an AFM tip approaching (blue) and retracting from (red) a silica

surface in (A) EAN, (B) PAN and (C) [EMIm]Ac (Reproduced with permission from Reference [73])

Sum frequency generation (SFG) spectroscopy has also been used to investigate aprotic IL
ordering at a silica interface.®*"! Fitchett and Conboy'®”! showed the imidazolium cation is
absorbed first with its orientation essentially independent of the cation alkyl chain length and
anion structure. The imidazolium ring was found to be slightly tilted at the silica surface
(between 16° and 32°), from the HCCH dipole orientation. However, the orientation of the cation

alkyl chain was nearly normal to the solid surface. A follow-up paper by the same group
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revealed two important results regarding the interfacial structure.™®! Firstly, the alkyl chain has a
strong influence on the cation orientation. With decreasing alkyl chain length, the imidazolium
ring tends to a more parallel surface orientation. Similar conformational order could be induced
in the first cation layer when the silica charge density was increased, highlighting the importance

of electrostatic interactions for IL-substrate ordering.

3.3 Graphite

The interfacial forces measured for both protic and aprotic ILs confined between an AFM tip and

graphite are quite different to those measured for mica and silica.l”

Protic ILs on Graphite

The EAN-graphite force profile (Figure 7A) is dominated by attractive dispersion interactions
between tip and substrate on approach. The jump to contact distance can be used to estimate the
Hamaker constant of the system.** Three steps in the force profile are still apparent, but they are
superimposed on attractive forces. Two adhesions are detected on retraction, the first of which is
between tip and the surface, and the second is between the tip and the adsorbed EA™ layer at a
separation of 0.35 nm. Interactions between the ethyl group and graphite may produce a
interfacial excess of this ion, similar to that observed for the squalene-OCMTS-graphite

system.! 4!

** From the relationship Dj=(AR/3k)”3 the jump distance (D;) can be used to estimate the Hamaker constant (A) for
this system, where k is the tip spring constant and R is the tip radius. Using measured values for R (20 nm) and k
(0.07Nm™), A=2x 10 J is calculated. This value is higher than for other liquids, but increasing R to 40 nm gives
A with the expected order of magnitude. This increase in R is reasonable given the change in tip geometry due to
wear that occurs over the course of an AFM experiment.”®!
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Figure 7. Force versus distance profile between an AFM tip approaching (blue) and retracting from (red) a graphite

surface in (A) EAN, (B) PAN and (C) [EMIm]Ac at 21°C. (Reproduced with permission from Reference [73])

The force curve for the PAN-graphite system is presented in Figure 7B. A small repulsion occurs
between 1.9 and 1.2 nm, followed by a jump from 1.2 to 0.75 nm on approach. Here there is a
second, much steeper repulsion, with the force increasing from zero to 8 nN as the separation
decreases from 0.75 to 0.35 nm. The tip then pushes through the layer into contact with the
substrate. The increased size of the hydrocarbon group on PAN compared to EAN is responsible
for the greater force required to rupture the interfacial layer. On graphite, cations interact with
the surface via their alkyl tail group solvophobically, so PAN is more strongly bound to the

surface that EAN. The final push through distance is lower than expected, due to interfacial PA"
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being, orientated, on average, flat along the substrate. Similar conclusions have been drawn for

n-alcohols on graphite.[129]

Aprotic ILs on Graphite

The form of the data for [EMIm]Ac — graphite (Figure 7C) is unlike any other interfacial system
presented. Attractive forces are dominant on approach and retraction. The measured spacings are
consistent with the predicted ion pair spacing value for [EMIm]Ac, except for the smaller final
push through, resulting from surface parallel cation ring orientation. This cation alignment favors
the formation of six to seven solvation layers on graphite, substantially more than on silica or

mica for the same IL (where a perpendicular orientation was preferred).

3.4 Au(111)
Aprotic ILs on Au(111)

Force versus separation data for [EMIm]TFSA and [BMP]TESA confined between an AFM tip
and a gold substrate are shown in Figures 8A and 8B respectively.'®” The RMS roughness of the
gold surfaces was less than 0.1 nm over a 300 nm? area. The force profiles are qualitatively

80
).

similar to those obtained for the same aprotic ILs on mica (Figure SA and 5B with a series of

push throughs noted at discrete separations as the AFM tip moves towards the surface.

The key difference compared to mica is that the width of the interfacial layer is smaller than
predicted for the ion pair (Table 1), suggesting the innermost layer is cation rich and weakly
bound, allowing the AFM tip to rupture it and move into contact with the gold substrate. For

[EMIm]TFSA, a 13% reduction in layer thickness is measured, suggesting electrostatic
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attractions induce the imidazolium ring of the cation to tilt towards the gold surface. Due to its
short (C,) alkyl group, the aromatic ring on [EMIm]TFSA is expected to be orientated
substantially towards the surface, much higher than [BMIm]TFSA. It is likely that the reduction
in layer thickness is a result of this electrostatic alignment of the cation, and not due to an

imbalance of ions.

For the [BMP]TFSA — Au(111) system (Figure 8B) the closest layer to the surface is 25 %
smaller than predicted at 0.6 nm. This distance is even smaller than the innermost step measured
for [EMIm]TFSA, which has a smaller molecular volume (c.f Table 1). We suggest that strong
electrostatic attractions as well as the absence of an inflexible aromatic ring allow the BMP*
cation to adopt a flatter surface conformation than [EMIm]TFSA, thus resulting in the reduced

layer thickness.

In every instance the rupture force of corresponding layers is greater for [BMP]TFSA than for
[EMIm]TFSA. This is because the cohesive energy within layers is greater for [BMP]TFSA than
[EMIm]TFSA, consistent with X-ray diffraction experiments[m] (for similar ILs) which show
that the level of order increases with cation alkyl chain length. Stronger solvophobic clustering
occurs as the size of the cation alkyl groups is increased, hence the greater rupture force for
corresponding solvation layers. At the interface, IL-surface electrostatic interactions will also
influence the force required to push through the layer nearest to the substrate. The significantly
higher force required to disrupt [BMP]TFSA compared to [EMIm]TFSA is consistent with
increased electrostatic interactions between the surface and the cation; the positive charge is
localised on one atom in the case of [BMP]" and delocalised across an aromatic for [EMIm]".
These simple molecular differences result in the increased strength of the surface interaction for

[BMP]TFSA compared to [EMIm]TFSA.
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Figure 8. Force versus distance profile for an AFM tip approaching (blue) and retracting from (red) a gold (111)

surface in (A) [EMIm]TFSA and (B) [BMP]TFSA at 21°C. (Reproduced with permission from Reference [77])

4 Discussion

Many IL applications depend on interfaces, in particular the solid-liquid interface. In the
following section, IL research frontiers are discussed in the context of the data presented above,

and avenues for further research identified.

4.1 Particle Stability & Heterogeneous Catalysis

Nanoparticle catalysts are attractive for chemical synthesis on account of their high surface area
to volume ratio. The colloid stability in aqueous systems is determined by the balance between
attractive van der Waals and repulsive electrostatic interactions, which are mediated by the
electrolyte concentration. But in ILs, electrostatic repulsions between charged particles are
screened by the high ionic strength e.g. EAN is 11 M salt, leading to a Debye length of only ~1
A. Thus particle suspensions should not be stable in ILs, yet several studies report particle

stability in ILs in the absence of stabilizers. 5147152 ¢ appears that IL structure induced in the
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vicinity of the solid nanoparticle produces solvation forces that are sufficient to prevent
aggregation. This is exemplified by the results obtained by Dupont et al. 1521 which show that
metallic nanoparticles can be synthesized and stabilized in ILs, consistent with the AFM results
presented in Section 3. X-ray Diffraction and Small Angle X-ray Scattering showed that the 1L
formed a ‘protective layer’ surrounding the transition-metal nanoparticle surface. Layers
extended 2.8-4.0 nm from the surface depending on the anion. These distances are much too
large to be due to a single layer of ions or ion pairs, but are completely consistent with the range
of solvation forces measured using AFM. A follow-up study by Schrekker et al. 1551 used surface-
enhanced Raman spectroscopy to elucidate the coordination structure of the adsorbed cation on
Au(0). The imidazolium ring was found to orient parallel to the surface, and the alkyl chain
projected away from the nanoparticle, reminiscent of surfactant steric stabilization.

),[153,154] will

IL heterogeneous catalytic schemes, such as Supported lonic Liquid Catalysis (SILC
similarly be affected by interfacial structure. SILC uses a surface modified with a monolayer of
covalently attached IL fragments. Subsequent addition of IL will result in the formation of
solvation layers. As the active catalyst is dissolved in the IL phase and the reactant in another

immiscible liquid, the presence of interfacial layers at the solid-liquid and air-liquid interfaces

are expected to influence the catalytic properties of the system.

4.2 Dye-Sensitized Solar Cells

ILs have been extensively used as electrolytes for dye-sensitized solar cells.”” In addition to
challenges associated with transport properties due to high IL viscosity, little is known about the
structure of the photoactive titania — dye — IL interface.*”! As the dye is located at the solid-

electrolyte interface, control of IL structure within the solvation zone (and the resultant transport
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properties arising from it) is crucial to optimizing performance. Recent experiments by our
group“ss] have shown that, like other solid substrates, solvation layers form at the titania — dye —
IL interface. This is likely to slow transfer of the redox couple to the interface, as there are
distinct barriers (which become increasingly stronger closer to the interface) impeding motion.
However, Yamanaka ez. al.!"*">" have used an ionic liquid crystal to counter undesirable IL-
viscosity effects. Solvophobic self-assembly of IL cations results in a bilayer architecture
conducive to redox-couple reactions and leads to high conversion efficiencies and short circuit

densities.

4.3 Electrochemistry

The results presented in section 3 revealed that the number of solvation layers present and the
strength of surface — cation interactions are functions of IL species. This interfacial structure
could, on the one hand, prevent imaging of metal electrodes with atomic resolution by probe
microscopy, but also influence electrochemical processes by controlling the rate of diffusion of
species to and from the interface; strong surface-cation interactions could also prevent adsorption
of redox species. The interfacial structure of several useful IL solvents has been reviewed above,
and general rules developed for predicting the level of interfacial structure. It should now be
possible to systematically investigate the effect of IL structure on electrochemical performance.
Future force work should investigate how solvation layers are affected by (1) dissolved

electrolyte (2) an applied potential (3) temperature.

4.4 Lubrication
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Due to strong ion adsorption at solid surfaces, lubrication and other tribological applications of
ILs shows great promise.[48’158] Robust physicochemical properties, in particular negligible
vapour pressure, could lead to important niche applications, such as in vacuum environments
where ILs could be used without significant product loss. In the context of this Perspective
Review, the tendency for ILs to adsorb and spontaneously arrange into solvation layers results in
a coating of ions at the solid interface. Whilst the heat generated from friction could disrupt
layering, a densely-packed monolayer of adsorbed cations at the surface would prevent contact
between the surfaces of moving parts. Previous studies on a steel surface!'>'%! have shown the
friction coefficient decreases with increasing cation chain length; solvophobic interactions
produce discrete charged and apolar layers at the surface, similar to the Bowden-Tabor!'®"!
mechanism for solid lubrication. However, Minami recently cautioned that the thermo-oxidative
stability of ILs decreases with longer alkyl chain lengths, which can lead to tribochemical
reactions under extreme temperature and pressures.“SS] Whilst protic ILs are susceptible to
thermal degradationm] (and are therefore probably unsuitable for lubrication applications),

aprotic ILs with localized charge centers and relatively long alkyl chains should be relatively

unreactive and have been shown to interact strongly with solid surfaces.

4.5 Analytical Applications

ILs are a new and relatively underused class of solvents for analytical chemistry (sample
preparation, chromatography and detection).!'®” Because ILs possess a so-called ‘dual’ chemical
nature''®! (i.e. discrete polar and apolar regions in the bulk), upon dissolution, analytes are

spontaneously separated into domains of like molecular groups.“64'166] Thus, a strong foundation
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. _— o . 33,162,163,167
for IL use in quantitative and qualitative separations processes ' 0>10%1¢7]

is present, the
difficulty lies in harnessing this for quantitative applications.

One area where ILs have been incorporated into existing technologies to great effect is in gas[m]

and liquid[168] chromatography. The IL cation is expected to strongly interact with the surface
hydroxyl groups of the silica column and, at sufficient concentrations, template solvation layers.
This leads to a competition between the IL and analyte molecular groups for the silica surface as
suggested by He et. al."® Moreover, there should also be a parameter related to how well each
analyte is incorporated into solvation layers. These results suggest ILs could be useful additives

to the eluent to improve separation.

ILs that are immiscible with water or organic solvents find use in two-phase liquid-liquid
extractions. Knowledge of the likely liquid-IL interface structure means that suggestions for
designing ILs can be made. The alkyl group of interfacial cations will orientate towards
hydrophobic solvents to lower the surface energy of the interface, similar to results present above
for solid graphite. This explains results for metal-ion extraction from aqueous solution.!'"! By
incorporating chelating functional groups on the ends of the cation alkyl chain, the cation is able
to reach into solution and bind with the target species. As the monolayer is a dynamic system,
cations that have successfully bound a metal ion are continuously being replaced with bulk
cations, facilitating high yields / distribution coefficients that favor the IL. The challenge now is
to optimize the mass transport properties of the system by limiting the extent to which IL
solvation layers form at the liquid-liquid interface. As demonstrated from the AFM results, this
could be achieved in a number of ways, such as reducing the length of alky chain, raising the

temperature, etc.
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4.6 Liquid and Solid IL Phases Coexisting?

Three recent AFM tapping-mode studies have suggested that IL liquid and solid phases coexist

[171,172] [108,172] [172]

on mica, silica, and graphite surfaces at room temperature. Liu et al.'’" and
Bovio et al."*®'" diluted ILs in methanol (to ~ 0.5wt%) and then probed the subsequent solid-
liquid interface after methanol evaporation. Topographical images revealed solid islands 1-100
pmz in areas and upwards of 50 nm thick. Apart from computer simulations by the same
authors,"' % to our knowledge no evidence of solid phase formation has been observed in any
pure IL-solid interface system. These studies are reminiscent of early AFM investigations of
surfactant adsorbed layers, in which the equilibrium adsorbed layer structure was rather different

from that observed by evaporative deposition. Nevertheless this effect clearly warrants further

investigation.

5. Summary & Outlook

The AFM results reviewed herein allow us to clearly describe interfacial IL structure, and
suggest design rules for tailoring IL behaviour for a given interfacial application. IL near-surface
structure is unlike conventional liquids in many ways, and responsive to specific molecular,

liquid and surface effects.

The key difference between IL interfacial structure and classical molecular liquid solvation
layers is that many ILs possess bulk order; whereas conventional solvents may have preferred
organization of adjacent molecules, in ILs this is order can be propagated over much greater

[62,67]

distances, often in the form of a disordered sponge (L3 phase) structure where the ions form

a network of polar and non-polar domains due to electrostatic and solvophobic clustering of like
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molecular groups. As the intermolecular forces that generate bulk nanostructure are still present
at the interface, the tendency to self-assemble is not diminished. It is not a coincidence that ILs
with strong bulk organization also have strong near surface structure, and vice versa; at a solid
interface the ILs polar and non-polar domains persist, but the presence of the surface induces a

more ordered lamellar like structure.

The nature of the IL-surface interaction also influences interfacial organization. Cations are
electrostatically adsorbed to negatively charged surfaces (mica, silica, Au(111)). The interaction
strength is determined by the surface charge, the cation charge localization/delocalization, and
the degree of substitution around the charge centre. As the surface and charge group distance is
greater for substituted cations, and Coulombic forces decrease with the square of distance,
substituted cations are much less strongly bound to negatively charged surfaces. For graphite,
solvation forces are superimposed on an attractive van der Waals force. However, it is clear that
solvophobic interactions between cation alkyl chains and the substrate are important, and the
chain appears to lie flat on the surface. The strength with which the cation is bound to the surface

increases with the length of the cation alkyl chain.

Surface roughness affects the level of interfacial order for both molecular solvents and ILs. For
ILs, substrate smoothness is vital for strong interfacial organization, as the intermolecular forces
that promote clustering of apolar regions are short range. Molecular flexibility within ionic
groups also determines interfacial order, and in some instances is more important than the level
of bulk order. For example, the intensity of the peak in the SANS spectra of PAN is greater than
that of EAN, suggesting bulk order is more pronounced for PAN. However, at the interface, the
additional flexibility imparted by the longer alkyl chain results in fewer and more compressible

layers for PAN than EAN.
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In summary, at an atomically smooth, charged surface IL interfacial organization is as follows.
The innermost layer is cation rich,!"® held in place by strong Coulombic forces (sometimes so
strong that it cannot be displaced by a sharp AFM tip). The next layer is also composed of
cations, with alkyl groups oriented towards the surface to interact solvophobically with surface
bound cations. This is followed by alternating ionic and apolar layers. As the interfacial cation
layer is macroscopically flat due to the surface, the sponge structure of the bulk transforms to a
lamellar phase at the interface. This lamellar architecture eventually decays into the bulk sponge
structure, with the rate of decay reflective of both the level of bulk order and molecular
flexibility. Corresponding surface ordering has been reported for aqueous surfactant sponge

phases.[m]

The ability to predictably tune the level of interfacial structure via structural variation in the IL
cation and anion means ILs can be tailored for optimal performance in a given application.
Where mobility of component ions and transfer of species to and from the interface is required

(e.g. dye-sensitised solar cells, " heterogeneous catalysis[44]

etc.) multiple sterically-hindered
alkyl groups could be incorporated to minimise substrate — IL interactions and maximise
compressibility of the solvation layers. Conversely, in situations where IL adsorption to the

interface is desirable (eg. lubrication,*® electrode surface restructuring[174]) symmetric ions with

localized charge centers are preferable, particularly for the cation.
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