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Over recent years the Surface Force Apparatus (SFA) has been used to carry out model

experiments revealing structural and dynamic properties of ionic liquids confined to thin films.

Understanding characteristics such as confinement induced ion layering and lubrication is of

primary importance to many applications of ionic liquids, from energy devices to nanoparticle

dispersion. This Perspective surveys and compares SFA results from several laboratories as well

as simulations and other model experiments. A coherent picture is beginning to emerge of ionic

liquids as nano-structured in pores and thin films, and possessing complex dynamic properties.

The article covers structure, dynamics, and colloidal forces in confined ionic liquids; ionic liquids

are revealed as a class of liquids with unique and useful confinement properties and pertinent

future directions of research are highlighted.

1. Introduction

Many emerging applications of ionic liquids (ILs) rely upon

their confinement into narrow pores or thin films. These

applications can be divided into three main classes: ILs as

electrolytes in energy devices;1–4 ILs as lubricants or surface

modifiers;5–7 and ILs as solvents for nanoparticle dispersion

and colloidal materials.8,9 Examples of recent IL technologies

include supercapacitors based on IL electrolytes,2,4 dye-sensitised

solar cells,3 and dispersions of carbon nanotubes in IL for

conductive gels9 and elastic electronics.8 Despite these tech-

nological developments, fundamental aspects of the structure

and properties of ILs nano-confined to films or pores have been

relatively little studied. This is partly due to the recent emergence

of the field and, principally, to the great difficulty of accessing this

regime in well-defined model experiments. Questions arising

include the following: ‘What is the distribution of cations and

anions in the vicinity of confining surfaces, and how is it affected

by surface charge?’, ‘What is the mechanism of dissipating shear

stress across IL?’, and ‘How does IL mediate colloidal forces?’.

The aim of this Perspective is to provide an overview of the

current state of progress in answering these questions and to

highlight where more work needs to be done.

We (somewhat arbitrarily) define a liquid as being in a

‘confined geometry’ when it is bounded by solid walls such

that the molecular dimension of the liquid is within a factor of

10 of the smallest dimension of the confining structure.

Typically this involves an IL ion size of order B 1 nm

and a pore width or film thickness of r 10 nm. In such

systems a large fraction of the molecules (or ions) are in

close proximity to the confining walls and in many cases this

causes the liquid structure and interactions to be perturbed

relative to their bulk values.

The confinement of (non-ionic) liquids to such geometries

can have dramatic effects on the physical properties of the

liquid; it cannot be assumed that bulk characteristics such as

viscosity or conductivity will remain unchanged for a confined

liquid. For example non-polar liquids such as cyclohexane or

toluene can undergo a spontaneous phase change from liquid

to solid when squeezed between solid walls into films thinner

than approximately 5–10 molecular diameters.10,11 On the

other hand, pure water and electrolyte solutions confined to

similar and even thinner films retain their bulk-like fluidity

even under high external pressure.12–14 Confinement of ionic

liquids into pores or films might be expected to alter the

structure, dynamic properties, and the mediation of forces

and fields: each of these factors should be understood in order

to take full advantage of the unique range of properties of ILs

compared to conventional solvents (Fig. 1). For example,

dispersion of carbon nanotubes and metal nanoparticles relies

upon fine tuning of colloidal interactions in the IL medium;

and use of ILs as supercapacitor electrolytes requires rapid

dynamic relaxation of the IL when the electrode voltage is

changed. This Perspective inspects and compares results from

recent experimental and simulation studies of IL in well-

defined confined geometries. Whilst there are many interesting

questions relating to the properties of ILs near isolated

surfaces—such as the structure of the ‘electrical double layer’

and the orientation of ions in the first layer—we restrict

ourselves here to those which apply specifically to IL confined

in space by more than one wall so that at least one dimension

of the system is on the molecular or nanoscopic scale. This

includes the film of liquid between two interacting colloidal

particles, which can comprise two overlapping electrical double

layers. We consider in turn the effect of confinement on
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structure (Section 2), dynamics (Section 3), and the mediation

of colloidal forces and nanoparticle stabilisation (Section 4).

Section 5 provides a summary and outlook.

2. Structure of confined ionic liquids

2.1. From bulk to the interface to confinement

We cannot sensibly consider the structure of ILs in confined

geometries without first knowing something about their liquid

structure in the bulk (away from any interfaces) and adjacent

to a single solid surface. Although not the focus of this

Perspective, we begin this section by directing the reader to sources

of information about these topics. Molecular organisation in bulk

ILs is, at least in some cases, far from homogeneous: it has been

shown in both experiment and simulations that nano-scale

ordering arises from the association of polar and non-polar

moieties15–20 (see also the Phys. Chem. Chem. Phys. themed

issue on ‘Nanostructure in ionic liquids’21). Where ionic liquid

meets a surface, additional structuring influences arise from the

steric constraints and field effects at the interface. This has been

shown to lead, for some ILs, to alternating layers of cations

and anions at an isolated (negatively charged) sapphire

surface;22 but not for others.23 Simulations where the ions

were represented by hard-spheres showed similar alternation

of cations and anions.24,25 Atomistic molecular dynamics

simulations also demonstrated molecular layering in the IL

adjacent to a single interface:26–30 ions are distributed into

layers, typically three distinct layers being apparent before the

liquid structure is indistinguishable from the bulk, and alter-

nation of cations and anions was observed in response to an

imposed surface charge.29,30 AFM experiments in Atkin’s

group have shown how the ion layering structure in IL

adjacent to a solid surface depends on surface chemistry,31

temperature,32 surface charge,33 and ion type.34 Importantly,

these experiments and simulations invariably show that the

electrical double layer (EDL)—for these purposes defined as

the region of the liquid perturbed by an adjacent charged

surface—is much larger than a single ion layer thick. This

demonstrates the inadequacy of classical Poisson–Boltzmann

based theories to explain screening effects in ILs: the EDL in

IL is at least an order of magnitude larger than predicted by

calculation of a Debye screening length. The fundamentally

different structure of IL-solid compared to dilute electrolyte-

solid interfaces originates in the overscreening effect, arising

from ion correlations when the ion concentration is high and

the surface charge is relatively low, and the crowding effect

which occurs at higher surface charge when one layer of the

large ions cannot provide sufficient screening.24,25,35,36

2.2. Ionic liquid structure in thin films

Well-defined model experiments of IL confined to thin films have

been performed using a Surface Force Apparatus (SFA, also

called Surface Force Balance, SFB) in the research groups of

Horn,37 Perkin,38,39 Kurihara,40 and Bureau;41 each concurring

that IL is arranged in layers when confined to a film between

two atomically-smooth negatively charged surfaces. In these

experiments two molecularly smooth and macroscopic solid

walls (usually mica) are gradually brought towards one

another across a film of the IL. The liquid is in contact with

a ‘bath’ of bulk liquid, and is squeezed out of the film into the

bath as the surfaces approach (and vice versa); Fig. 2a. The

force (and interaction energy) between the surfaces is detected

as a function of the surface separation (i.e. film thickness),

D, using white light interferometry to measure the film thickness

with resolution finer than the size of single IL ions. If layering is

present in the liquid it is detected as alternating repulsive and

attractive forces as D decreases (e.g. see Fig. 2b): Repulsions

correspond to whole numbers of molecular layers, rendering the

film ‘stable’ and therefore resisting squeeze out, and attractions

in between are due to the surfaces being ‘sucked together’ as

molecules are expelled. These alternating (oscillatory) repulsions

and attractions are called structural forces,42 and have been

observed for non-polar molecular liquids which also form

layered structures in thin films.

The first of these SFA experiments demonstrated layered

structure in a protic IL, ethylammonium nitrate ([EA][NO3]),

confined between two (negatively charged) mica surfaces.37

Since [EA][NO3] is fully miscible with water in all proportions

at room temperature, it was possible to show the layered

structure emerging as the [EA][NO3] concentration in water

increases: at low concentrations of [EA][NO3] the solution

behaves as a simple electrolyte (with no ordered ion packing),

then structure begins to be detected at 50% [EA][NO3] and

increases until 8-9 ordered layers are detected between the

surfaces in pure [EA][NO3]. The distance between the repulsive

walls—or the period of oscillation—was similar to the dimension

of the ion pair. From this we can conclude that each oscillation

in force represents a layer of cations and a layer of anions

being squeezed out together (or, equivalently, a single ‘ion pair

layer’; see later). It is worth noting the important distinction

between the structural forces observed for molecular and

ionic liquids: whereas for molecular liquids each oscillation

in force corresponds to the squeeze-out of one molecular

layer,42 for ILs an oscillation corresponds to squeeze-out of

an ion-pair layer as required to maintain electro-neutrality in

the confined film.

More recently, experiments in the groups of Perkin,38,39

Kurihara,40 and Bureau41 have all investigated the structuring of

non-protic IL confined to films between charged surfaces (see

Fig. 2b). ILs studied were [C4C1im][NTf2],
39,40 [C4C1im][BF4],

40,41

[C4C1im][PF6],
41 [C2C1im][C2SO4],

38 and [C6C1im][NTf2],
39 and

the solid confining walls used were mica,38–39,41 silica,40 and a

methyl-terminated monolayer41 (see Table 1 for IL structures).

For the mica and silica substrates (both negatively charged)

Fig. 1 Ionic liquids in confined geometries are studied in model

experiments using either pores (left) or thin films (right). In this

Perspective we discuss and compare experiments studying the effect

of confinement on liquid structure, dynamics including viscosity and

lubrication, and colloidal forces.
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the results are qualitatively similar for all ILs studied, and

when the same IL was studied in different laboratories the

agreement in D-values is also quantitative (small differences in

force are attributed to the difference in negative charge on

mica vs. silica). The common features observed are as follows:

(i) structural forces—oscillations between repulsive and attractive

force—are apparent from D E 5–10 nm down to the smallest

D reached, with increasing magnitude as D decreases; (ii) the

period of oscillations is commensurate with the estimated

ion-pair size; (iii) ultimate repulsion is measured at small D,

which is not overcome despite applying large normal force.

In the cases where sub-nanometre distances were accessed, this

ultimate repulsion occurred at D-values smaller than the ion-

pair size and commensurate with the cation size. One other

group has studied ILs between mica surfaces,43 although film

thicknesses below B 5 nm were not studied and structural

forces were not clearly shown.

These features lead to a general interpretation of the layering

of IL between charged (mica or silica) surfaces, as follows. IL is

arranged in layers adjacent to charged surfaces, with B 3–10

layers distinguishable before the liquid becomes bulk-like. The

first layer adjacent to each negatively charged surface contains

cations attracted electrostatically to screen or neutralise the

surface charge. The subsequent layers are of a thickness similar

to the ion-pair length and are likely to be made up mostly of

ion-pair ‘dipoles’ aligned perpendicularly to the surface (with

gradually decreasing ‘purity of structure’ away from the

surface). That is to say, the layers contain two sub-layers (at

least for the nearest-surface layers), with alternating anion

sub-layer and cation sub-layer (Fig. 2b, inset). The origin of

this alternating charge density away from the surface is the

overscreening effect expected in dense ionic systems:24,35,44 the

surface negative charge pulls ‘too many’ cations into the first

layer, the next layer over-compensating with anions, and so on

(with gradually decreasing magnitude) for several layers. The

higher magnitude of force at small D tells us of the stronger

ordering of the layers closest to the interface. The observation

that a large positive force is required to expel the liquid layers

indicates a strong cohesive interaction between IL and surface

and between IL layers (compared, for example, to uncharged

molecular liquids which are squeezed out at significantly lower

force11). This is likely due to a combination of dispersion

interactions, significant for these polarisable ions, and

electrostatics.

Of relevance to all IL physical chemistry, and in particular

to high-resolution surface studies, is the question of impurities

present in the liquid and their possible effect on experimental

results. For example impurities such as oxides of aluminium

or silicon can be incorporated into the IL during purification

steps in its synthesis and have been shown to lead to unexpected

surface effects in the past.45,46 An important advantage of the

SFA/SFB technique is the absolute measurement of D, which

means that contamination at the surfaces, if present, is usually

unambiguously detected: particulate impurities are immedi-

ately seen as they cause a long-range repulsion which obscures

any oscillatory forces. Experiments revealing contamination

are discarded, and high standards of IL purity are required in

order to observe the IL surface layering discussed above.

Another possible source of contamination is the mica sub-

strate most commonly used for SFA/SFB experiments. These

are prepared by cleavage along the crystal plane in clean

(laminar flow) lab conditions, and it has been shown that

Fig. 2 ILs are studied in thin films between atomically smooth

surfaces in a surface force balance or surface force apparatus (SFB/

SFA). (a) Schematic setup of the SFB, showing the mica substrates in

crossed-cylinder arrangement to study a thin film of liquid between

them. One surface is moved relative to the other and the interaction

force, as a function of separation distance, D, is measured through the

bending of springs. (b) Measured force, FN, between two mica surfaces

(normalised by the mica curvature, R) versus film thickness, D, for

[C4C1im][NTf2] measured in the SFB. Open diamonds indicate points

measured on approach of the surfaces (decreasing D) while open

circles indicate data measured on retraction of the surfaces. Filled

triangles indicate points measured from the jump-apart of the surfaces

from an adhesive minimum. The lines are a guide to the eye to show

the oscillatory nature of the forces, with solid lines through measured

regions and dashed lines through the regions inaccessible to measure-

ment due to the jump-in from the previous energy barrier. The inset

cartoons show examples (for just two of the repulsive force ‘walls’) of the

interpretation of the oscillatory forces: force walls–which correspond to

energy minima–are due to stable films containing odd numbers of ion

layers, alternating between cation and anion-rich layers with cations at

each of the negatively charged surfaces. These simplified cartoons do

not show how the excess of anions and cations decreases away from

the surfaces. Adapted from Perkin et al.39
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adsorption of H2O and CO2 from the air rapidly leads to

a contaminant layer (of thickness B 0.5 nm), containing

potassium carbonate.47,48 This layer is removed in water,

and from the D-values in IL experiments and from the

solubility of K+ and CO3
� in the ILs it is inferred that this

layer is also removed (dissolved) in the IL. Importantly, SFA/SFB

experiments are performed with a ‘reservoir’ of bulk IL

in contact with the thin film, so that K+ ions from the surface,

once dissociated, become negligible in concentration in the surface

or film region.

2.3. Amphiphilic ionic liquids lead to self-assembly

An exception to the alternating cation/anion layer structure

has been observed for an IL with a longer hydrocarbon chain

on the cation, rendering the cation more amphiphilic.39 In this

case the driving force of amphiphile self-assembly competes

(and wins) against the pure electrostatics, leading to a tail-to-tail

cation bilayer structure (Fig. 3). This interfacial self-assembly,

or formation of cation bilayer structures in confinement, has

not yet been tested in simulations although aggregation of

hydrocarbon tails into non-polar domains has been seen at a

single interface.30 It appears that although the alternating

cation/anion structure is the dominant structure in thin films,

observed for a range of ‘simpler’ ILs, it is not ubiquitous and

can be disrupted by stronger ordering driving forces such as the

collecting together of non-polar and polar moieties.

2.4. Simulations of ionic liquid in slit-pore geometry

Atomistic simulations have provided a complementary view of

the structure of ILs confined to slit-pore geometries.49–52

Between uncharged walls [C1C1im][Cl] is found to form layers

with a high density layer closest to the surface.49 The first layer is

cation-rich and the next layer is anion-rich, despite the absence of

any charge on the surfaces. This suggests that the preference of

imidazolium cations for the surface—as also observed in the

experiments described above with negatively charged surfaces—

may be partly driven by favourable packing of the ions in the

vicinity of the surface rather than pure electrostatics. When

charge is applied to the confining surfaces the ions translate in

order to screen the charge. Distinct ion movement occurs at the

anode resulting in layers of anions and cations, while at the

cathode segregation occurs to a lesser extent.50 These observa-

tions might be rationalised in light of the particular ions studied:

the small Cl- anion can more easily fit into a first layer next to

the surface without perturbing the cation layer.

Whilst the ions form distinct layer structures in the direction

perpendicular to the confining surfaces, no increase in order

compared to the bulk liquid was found in the plane of the layers

for films of [C1C1im][Cl] greater than 2.5 nm thickness.49 On the

other hand, when the same IL is confined to films thinner than

1.1 nm, corresponding to bilayer and monolayer films, it was

found to crystallize with in-plane long range order observed in

the radial distribution functions.51,52

Table 1 Full names and structures for the ILs discussed in the text

Ionic liquid Full name Cation Anion

[C1C1im][CI] 1,3-dimethylimidazolium chloride CI�

[C2C1im][C2SO4] 1-ethyl-3-methylimidazolium ethylsulfate

[C2C1im][SCN] 1-ethyl-3-methylimidazolium thiocyanate SQCQN�

[C4C1im][NTf2] 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

[C4C1im][BF4] 1-butyl-3-methylimidazolium tetrafluoroborate

[C4C1im][PF6] 1-butyl-3-methylimidazolium hexafluorophosphate

[C4C1im][NTf2] 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

[EA][NO3] ethylammonium nitrate
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2.5. Future directions

Experiments with precisely controlled confinement geometry

have been carried out, studying a small range of protic and

non-protic ILs. A picture emerges of the typical structure of

ILs confined between two charged solid walls of ions arranged

in ion-pair dipole layers. Given their relevance to many

applications, we would like to know what is the effect of

surface charge, or of surface chemical groups, on the structure

of the confined IL. For example the application of ILs as

supporting electrolytes in supercapacitors requires knowledge

of the EDL structure in the confined pores of the nano-

structured electrode: the ordering of cations and anions, their

orientations relative to the electrode surfaces, and how these

are altered when the electrode voltage changes, must be

optimised. It is clear from the above SFA experiments that

the effect of ion and surface type can be dramatic;39–41 and

AFM experiments with a single Au substrate of varying

potential show that the number of ion layers as well as their

binding tenacity are dependent on surface applied voltage.33

However experiments with both well defined confinement

geometry and precisely known (and varying) surface charge

have not to date been carried out and this represents an

important direction for future work.

3. Dynamics of confined ionic liquids

The dynamic properties of molecular (non-ionic) liquids in

nano-confinement have been extensively studied; in contrast

only a few recent studies—motivated by the desire to under-

stand motion of ions in the pores of nanoporous electrode

materials and as friction modifiers—describe the dynamics of

confined ionic liquids. Already from this early work it is

apparent that ionic liquids display at least as rich a landscape

as molecular liquids, with dramatic differences in dynamic

behaviour arising from changes in the surface charge, surface

chemistry, and film thickness.

3.1. Dynamics in model thin films

SFA or SFB experiments have been able to detect fluidity and

dynamics of confined ILs at the same time as providing

absolute characterisation of the confinement geometry.38,40,41

In addition to measuring the thickness of the IL film, D, with a

resolution of single ion interfacial layers, dynamic SFA

experiments provide extra information such as friction coeffi-

cient or viscosity as a function of the number of ion layers

between the two confining surfaces. By gradually reducing

D from micrometres down to a few molecular layers, the point

at which the dynamic properties change can be detected. These

dynamic properties of the confined liquid can be measured one

of two ways: Firstly, a lateral shearing motion can be applied

to one confining surface and the coupling across the liquid to

the other surface is then detected via a lateral spring (‘shear

method’). Secondly, the surfaces can be moved towards each

other and the viscous drag experienced due to the flow of liquid

out of the film is detected as a hydrodynamic force (‘hydro-

dynamic method’). Experiments in three laboratories38,40,41

have studied the effect of confinement on viscosity of a small

number of ionic liquids, using the shear and hydrodynamic

methods, and the results are summarised as follows. In the

Kurihara group, SFA experiments using silca surfaces and

two imidazolium-type ionic liquids, [C4C1im][NTf2] and

[C4C1im][BF4], revealed changes to the dynamic properties

of the liquid when D was decreased below 7-8 nm.40 This

distance corresponded with the onset of structural forces (see

section 2), leading to the conclusion that the changing

dynamics are caused by the confinement-induced structuring

of the liquid. It was shown using the shear method that for

films thinner than 7-8 nm the viscosity increased exponentially

with decreasing D, ultimately reaching values B 3 orders of

magnitude greater than the bulk viscosity at B2 nm. In the

Bureau group, SFA experiments using mica surfaces and two

imidazolium-type ionic liquids, [C4C1im][PF6] and [C4C1im]

[BF4], revealed changes to the dynamic properties of the liquid

when D was decreased below 20 nm.41 Using the hydro-

dynamic method, the viscosity was seen to reduce by one order

of magnitude as D decreased from B 20 nm to B 5-6 nm.

Below 5 nm, the shear method revealed further increase of

viscosity over several orders of magnitude dependent on the

shear rate. For films below 2.5 nm ([C4C1im][PF6]) or 3.5 nm

([C4C1im][PF6]) a yield shear stress was observed, indicating

solid-like behaviour of the film. In the Perkin group, SFB

experiments using mica surfaces and one IL, [C2C1im][C2SO4],

used the shear method to demonstrate an increase of viscosity

over two orders of magnitude as the IL was confined down to

D B 1 nm; interpreted as three ion layers between the mica

surfaces.38

Fig. 3 Measured force, FN, between two mica surfaces (normalised

by the mica curvature, R) versus film thickness, D, for [C6C1im][NTf2].

The symbols and lines are as defined in Fig. 2. The inset cartoons show

examples (for two of the repulsive walls) of the interpretation of the

oscillatory forces in this case: due to the amphiphilic nature of the IL

the most stable films (i.e. force walls) occur where tail-to-tail bilayers

stack between the two solid surfaces. Lamellae of non-polar and

charged regions are formed. Adapted from Perkin et al.39
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Thus these high-resolution dynamic experiments, using

different methods of measurement and probing several ILs,

provide general agreement on the following dynamic features

of ILs confined to thin films: (i) the IL remains liquid-like,

retaining bulk viscosity, in films thicker than B 10–20 nm; (ii)

viscosity of the confined IL increases by 1–3 orders of magnitude

as the liquid is confined from B 5–20 nm down to B 1–3 nm

(precise thicknesses depending on the IL and the surface);

(iii) some solid-like characteristics (e.g. finite shear stress) are

observed for the thinnest films (B few nm, corresponding to

only a few ion layers). Despite the increase of viscosity and the

emergence of shear stress for thin IL films, ions in the film

remain significantly mobile relative to ILs undergoing bulk

glass transition or solidification: a viscosity increase of 1–3

orders is small compared to the B 10 orders expected at bulk

solidification.

What is the cause of the increase in viscosity observed in the

SFA experiments? Two observations suggest that the ion

layering structure causes the enhanced viscosity. Firstly, the

onset distance of the changing viscosity matches the distance

at which structural forces are observed.38,40,41 Secondly, when

the surfaces bear no charge and do not induce any structuring

there is concomitantly no increase in viscosity.41 We point out

that it is likely the non-isotropic structure of confined IL

causes anisotropy of the dynamic properties: ion diffusion

and structure relaxation within each layer involves different

molecular interactions and energy barriers compared to diffusion

between layers. This is analogous to the anisotropic viscosity of

liquid crystalline systems, leading to three so-called Miesowicz

viscosity coefficients.53,54 Thus it is possible that the two methods

used to probe dynamics in SFA experiments above—the shear

method and hydrodynamic method—will lead to differences in

the observed onset distance of dynamic changes and even the

viscosities probed: since the IL is aligned in layers parallel to the

confining surfaces, shearing the film laterally could occur without

disrupting the layer structure; whereas pushing the surfaces

together to squeeze out the liquid must cause the layer structure

to be disrupted. This may explain why an increase in viscosity

above the bulk value is probed from B 20 nm using the

hydrodynamic method, and from smaller distances (5–10 nm)

using shear methods.

Further insight into the molecular origin of confinement-

induced dynamic changes comes from molecular dynamic

simulations. A simulation of [C4C1im][PF6] confined to a

graphite slit-pore of width 5.4 nm showed that IL dynamics

are heterogeneous across the confined film, depending strongly

on the distance of the ions from the walls:55 The first layer of

ions adjacent to each interface are dramatically slowed, the

next layer are slowed to an intermediate extent, and the

remaining IL in the middle of the pore is more similar to bulk

IL. Additionally, the ions were seen to diffuse primarily within

their layers, i.e. parallel to the walls, whereas diffusion of ions

from one layer to the next (motion perpendicular to the walls)

was slower.49,55 This conclusion is supported by a simulation

of [C4C1im][NTf2] confined to a cylindrical pore of diameter

4.8 nm which revealed ‘stiffening’ of the few layers at the

interface whilst ions in the centre of the pore have bulk-like

self-diffusion and conductive properties.56 Another simulation

confining the IL to even thinner films, where only a monolayer

or bilayer remains between solid walls, showed solidification

of the film although this was for the higher melting point salt

[C1C1im][Cl].51,52 In contrast, a simulation with uniform

(un-corrugated) solvophobic walls showed faster motion near

the walls than in the bulk, revealing the importance of surface-IL

interactions and chemistry for ion dynamics.49

3.2. Dynamics in mesoporous networks

The SFA and simulation studies discussed above involved

model systems with finely controlled pore or film thickness and

surface chemistry. A number of other experimental studies

have used more heterogeneous systems such as mesoporous

silica, allowing the dynamics of IL confined within these network

of pores to be probed using NMR, DSC and conductivity. For

example ion dynamics in pores was probed by recording the

conductance through a single conical nanopore in a

membrane: for a 20 � 2 nm pore radius, conductivity can be

either enhanced (for [C4C1im][NTf2]) or conversely halted (for

[C2C1im][SCN]) relative to bulk transport.57 The dynamics of

IL in a mesoporous silica network with pore sizes between

5 and 50 nm were probed with IR and 1H NMR; resulting

spectra showed no (or little) slowing of the ion dynamics due

to confinement and it was concluded that ILs in the pores

behaved like the bulk liquid.58,59 IL confined to pores in a

more hydrophobic (methyl terminated) ionogel network also

maintained bulk-like ion conductivity.60 Confinement to these

mesoporous networks can alter IL phase behaviour, for

example leading to melting point depression, in particular

for the narrowest pore sizes (B 5 nm).58–62 Confinement of

[C4C1im][PF6] into multi-walled carbon nanotubes resulted in

entirely different behaviour: the IL solidifies at room tempera-

ture and the melting point increases to above 490 K.63 In light

of the SFA experiments—which showed slower ion dynamics

only in the few layers closest to the walls—we might expect ILs

to maintain bulk liquid-like properties in porous networks

when the pore size is on the order of 10 ion diameters or

greater, and thus where a large fraction of the liquid is far

from the walls. When the pore size is smaller some retardation

of ion dynamics and changes to phase properties may be

observed, in particular when the pore size is reduced to just

a few ion diameters. It is also possible that polydispersity in

pore size in the mesoporous networks contributes to the

observed ion dynamics—only a few much larger than average

pores are required to host a large fraction of the liquid—and

may lead to apparent discrepancies with model experiments.

3.3. Lubrication by ionic liquids

The potentially major application of ILs as lubricants, either

in pure form or as additives, has been demonstrated using

conventional macroscopic ball-on-plate or pin-on-disk tribo-

meters.5,7,64–68 The performance of a liquid lubricant depends

on a number of factors including its viscosity and phase

behaviour in thin films, strength of molecular interaction

between the liquid and the shearing solid surfaces, thermal

stability, volatility, and others. Particularly pertinent are

lubricants for micro- and nano-electromechanical devices

(MEMS) where the lubricant should be molecularly thick, bound

to the device surface and highly durable and reproducible in its
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behaviour.69,70 ILs are a promising source of these so-called

‘boundary lubricants’ due to their non-volatility, excellent

thermal stability up to high temperatures and potential for

electrostatic and van der Waals interactions with the surfaces.

However in order to exploit these characteristics it is desirable

to understand the effect of IL chemical structure on shear

stress and friction coefficient of a confined thin IL film when

sheared between two solid surfaces.

The chemistry of the IL and surface functional groups has

been shown to alter the friction of sliding surfaces across IL

films. For example, longer alkyl chains were found to be

preferred for lower friction; and pyridinium-based ILs resulted

in lower friction than imidazolium-based ILs.71 The stronger

the interaction between IL functional groups and the surface

the lower the friction, with carboxylic acid groups giving the

lowest value.72,73 Vinyl groups can help control the stability of

the IL under high pressure and temperature.65,74 The effect of

cation valency on friction was studied by Palacio et al.,75 who

showed that ILs composed of di-valent cation and mono-

valent anion (2 : 1) could exhibit either lower or higher friction

coefficient compared to a 1 : 1 IL: the 2 : 1 IL with a hydro-

phobic linker between the two positively charged groups

showed significantly improved lubrication capacity, whereas

the 2 : 1 IL with a hydrophilic linker was not so effective.

Altering the surface chemistry by anchoring the cation of the

IL to the surface can improve the tribological performance of

the surface, moreover the counter (an)ion can be varied to

control the friction coefficient on the modified surface.76

The structure of an IL boundary lubricant film has been

shown in two cases ([C2C1im][C2SO4] and [EA][NO3]) to

consist of 1–3 ion layers, depending on the applied load.38,77

At lower applied load, where 2-3 ion layers were present, the

friction, FS, was very low and independent of sliding speed (vS).

Increasing the load led to a decrease in the film thickness to one

ion layer between the surfaces; FS and the friction coefficient,

m, then increased in magnitude and became velocity dependent.77

At the highest loads m again became independent of vS.

3.4. Three regimes of IL boundary lubrication

Bringing together the evidence from the small number of studies

of friction and dynamics to date, some tentative suggestions

can be made about general mechanisms of lubrication by ILs.

In the hydrodynamic regime, ILs perform as lubricants on the

basis of their viscosity and reluctance to solidify in films

greater than a few nm thickness. Once confined to thinner

films, of a few ion layers, ILs exhibit some notable properties

as boundary lubricants as a result of their charge, polaris-

ability, amphiphilicity, and layering tendency which differentiate

them from other lubricants. In this context, we suggest that the

film be considered as a boundary lubricant if it is entirely

composed of ordered ion layers and therefore no ‘bulk’ IL is

present. It is useful to consider the resulting boundary lubrica-

tion within three regimes which can be summarised as follows:

(i) At low loads and slow shear rate, the boundary film has

in-layer relaxation times faster than the shear rate resulting in

low FS and m, with m independent of vS.

(ii) At higher loads, where the boundary film relaxation is

slowed due to greater confinement (fewer ion layers) or

molecular interdigitation, there is an intermediate regime:

FS is higher and m is dependent on vS.

(iii) At the highest loads and therefore thinnest boundary

films (typically one ion layer), no ion diffusion or molecular

relaxation can occur on the timescale of shearing and the

surfaces move laterally by way of slip along a shear plane. m is

again independent of vS. FS can be lower or higher than in (ii).

Switching from one regime to the next occurs at certain

critical values of normal load, FN (or velocity, vS). As load is

increased, switching will be associated with structural changes

in the film such as squeezing out of an ion-pair layer or

reorganisation within a layer. Regime (i) will typically apply

to films consisting of more than one ion layer because the

ions in the first layer are bound to the surfaces and have

slower relaxation; dissipation occurs by ion motion within the

mid-layer(s) of ions. Examples are the three ion layers (‘n = 3’)

film of [C2C1im][C2SO4] between mica sheets38 and Z 2 ion

layers of [EA][NO3] (or one [EA] cation layer, for the slowest

vS applied).77 Regime (ii) occurs when the molecular reorganisa-

tion timescale is similar to the shear rate of the experiment and so

will be sensitive to small changes in temperature, velocity and

load. Regime (iii) consists of a solid-like film of ions between

the shearing surfaces, and since slip must occur at the plane

between the ions and surface the friction in this regime is most

sensitive to the particular IL-surface interaction and could be

either lower or higher than in regime (ii).

This friction phase analysis is similar to that applied in the

past to boundary surfactant films.42,78 However ILs are worth

considering independently from other boundary lubricants for

several reasons. Firstly, their charge-induced layering structure

of alternating cations and anions means that one or more

ion layers can be considered to be part of the boundary layer.

The relaxation processes occurring to dissipate friction can

involve ion motion within one ion layer without ion diffusion

between layers. And electrostatic interactions between charged

surfaces and (counter-)ions in the IL film prevent squeeze-out

of the boundary ion layers, resulting in the high load-bearing

capacity of ILs compared to non-polar liquids.38 Finally, slip

can occur at the IL-surface plane (as well as at any of the other

IL-IL layer interfaces if more than one ion layer is present).

Whilst this rich phase behaviour of ILs as boundary lubricants

is hinted at by the few studies undertaken to date, much work

remains to be done if we are to be able to relate IL chemistry to

boundary friction and eventually to predict and tune IL

boundary lubricants for specific applications.

4. Colloidal forces and particle stabilisation in

ionic liquids

4.1. IL as a dispersion medium

Using ionic liquid as the solvent for dispersion of colloidal

particles and for the generation and stabilisation of metal

nanoparticles is proving a useful route to a vast array of new

functional materials.79–81 Dispersions of transition metal nano-

particles, for example, are effective as nano-catalysts and bridge

the classical division of homogeneous and heterogeneous

catalysts.82,83 Colloidal silica dispersed in IL can be transformed

into colloidal gels or colloidal glasses, with unique combinations
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of conductive, optical and rheological properties.79,84,85 An

example is the gelation of silica suspended in IL to create solid

yet conducting electrolytes for solar cell applications.86 Quantum

dot nanoparticles dispersed in ILs display a remarkable

enhancement of photoluminescent properties, and have

potential applications in optoelectronic devices.87 Carbon nano-

tubes can also be dispersed in ILs—of particular note since

nanotubes tend to aggregate in most molecular solvents—which

has led to new ‘bucky-gel’ materials9 and novel electronics.8

Particles dispersed in IL without added stabilisers such as

surfactants or polymers might, at first thought, be expected to

be unstable with respect to aggregation: after all, IL is a

maximally concentrated salt, and the classical DLVO theory

of colloid stability predicts that particles immersed in a medium

of high salt concentration will aggregate due to the attractive van

der Waals force between them and the screening of repulsive

electrostatic interactions.88 However, whilst the DLVO theory

(after Derjaguin, Landau, Verwey and Overbeek) is remarkably

effective at explaining and predicting interaction forces in

many cases, this mean-field theory does not take into account

excluded volume or steric effects which can dominate at high

(or even moderate) salt concentrations.89–91 In IL media the

Debye screening length calculated from the ion concentration

and dielectric constant would be B 1-2 Å; however it is

impossible for screening of a surface charge by IL to occur

over this length scale which is significantly smaller than a

single IL ion diameter. In order to explain the many examples

of particle stability in IL media mentioned above it is clear that

we need to consider additional interactions not accounted for

in mean-field theories.

4.2. The forces acting between particles in IL

The interaction energy (and force) between particles across an

IL medium, as a function of separation distance, is a convolution

of several effects: electrostatic and van der Waals forces, as well

as steric repulsions, solvation forces, and osmotic interactions

due to polymers (if present) at the particle surface. The relative

range and form of each of these interactions is indicated in

Fig. 4b. Direct electrostatic interactions are highly screened by

the IL, as discussed above, and so act only when the particles are

at very close separation. Steric repulsions occur when molecules

adsorbed to a particle surface acts to prevent contact with

another particle. Amphiphiles added to stabilise a dispersion

can act in this way, as can amphiphilic ions of the IL itself; the

range of this repulsion is the length of the adsorbed molecule.

Solvation forces, on the other hand, can act from particle

separations of order B 10 nm37–41 (see section 2). Solvation

forces between macroscopic surfaces are oscillatory—alternating

between repulsion and attraction as separation distance is

decreased—and so can contribute to either stabilisation of a

dispersion or flocculation depending on the relative magnitudes

of the thermal energy of the system and the oscillatory force.

These oscillatory solvation forces, as measured between macro-

scopic surfaces and arising from squeeze out of ion layers as the

surfaces approach, are likely to act between all colloidal

particles and nanoparticles as long as the particle is significantly

larger than the size of the IL ion size. For smaller nanoparticles

the curvature of the particle surface may lead to different

preferential ion packing in the vicinity and thus different

solvation forces. In a simulation study of Ru nanoparticles

of 2 nm diameter in [C4C1im][NTf2] the cations and anions were

both present in the first layer adjacent to the metal surface; it

was proposed that stabilisation of these nanoparticles is by

way of the IL acting as a structural template.92,93 Nano-

particles of B o 3 nm could fit within polar or non-polar

domains, or pockets, in the IL structure—dependent on the

particle surface polarity—with ion-ion interactions in the

liquid not much disrupted by the presence of the nanoparticle.

If polymers are added to the IL solvent then osmotic attractive

or repulsive interactions will also act between the particles: for

example dense surface-adsorbed or grafted polymers for which

the IL is a good solvent will lead to long range repulsions (and

stabilisation of the dispersion), while non-adsorbing polymers

can cause particle aggregation due to depletion forces.79

For any particular combination of nanoparticle material,

surface charge, particle size, and IL structure, a different

combination of these forces will be acting, leading to a unique

‘force law’ between the particles. For example charged solvophilic

surfaces tend to induce solvation forces with the oscillations

showing more repulsive than attractive character.37,39,40 When

the surface charge is higher, the oscillatory solvation force can

be amplified.33 On the other hand uncharged solvophobic

surfaces lead to more attractive solvation forces across

IL.31,41 A challenge for future work lies in quantifying these

effects and distinguishing between the roles of charge,

chemical groups and particle size, and subsequently predicting

and controlling the stability of particle dispersions in IL.

5. Concluding remarks

Motivated by the many applications of ILs in confined

geometries—as electrolytes, lubricants, and dispersants—the

Fig. 4 (a) The stabilisation of nanoparticles and colloidal particles in IL

depends upon the change in interaction energy with distance, i.e. force,

between the particles across the intervening film of anions and cations.

(b) The forces acting include van der Waals forces (‘vdW‘, bold dashes),

screened electrostatics (‘ES‘, dotted line), steric interactions (‘steric‘, fine

dashes), solvation forces (‘solvation‘, solid line), and interactions due to

adsorbed or grafted polymers (‘polymer‘, dot-dash line); relative forms

and ranges of these are shown here and discussed in the text.
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SFA has been adapted to study their structure and properties

with molecular resolution. By comparing several recent experi-

mental studies, as well as molecular dynamics simulations,

some general features of ion arrangements and dynamics in

confined geometries have been identified.

The interaction force between two identical atomically

smooth and negatively charged surfaces across IL films was

found to be an oscillatory function of the film thickness.

Energy minima, corresponding to favourable ion-packing

arrangements in the film, revealed how—for typical ILs

between charged surfaces—the liquid is arranged in ion-pair

layers parallel to the solid surfaces. Non-polar surfaces were

found to disrupt the ion packing so that layering is not

observed, and ILs with amphiphilic character appear to stack

in bilayers rather than ion-pair layers in the film. Despite

strong ordering in the direction perpendicular to the surfaces,

the IL does not crystallize and long range order is not

observed within each plane or ion layer.

Dynamic SFA experiments and MD simulations have

demonstrated an increase in viscosity of 1–3 orders of magni-

tude relative to the bulk for ILs confined to films of 1–3 nm,

caused by the enhanced structure in the film in the direction

perpendicular to the surfaces and interactions between the ion

layers adjacent to the walls. Despite some increase in viscosity,

these thinnest IL films act as highly efficient boundary lubricants.

Three regimes have been outlined, each relating to a different

mechanism of boundary lubrication. Early work has shown

that the charge-induced layering of ILs leads to unique and

interesting dynamics in thin films; it remains a challenge to

relate IL chemical structure to quantitative dynamics.

Dispersions of nanoparticles, carbon nanotubes, and other

colloidal materials in IL have been shown to follow different

rules of colloidal stability to the DLVO-type behaviour

of dilute aqueous solutions. SFA experiments revealed the

range of interactions of two solid surfaces across IL to be up to

B 10 nm; significantly greater than predicted with mean-field

electrostatics. Solvation forces were shown to be primarily

responsible for these long-range interactions, although it is not

yet clear how the interplay between surface charge on the

particle, IL shape and size, amphiphilicity, and other para-

meters determine their range and magnitude. Experiments

with a wider range of ILs and surface materials will help to

elucidate these, and ultimately to rationalise quantitatively the

stability of colloids in ILs.
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