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Electrolytes!

Mostly solvent! Mostly ions!



Electrolytes !
!

e.g. 12 M  LiCl(aq)!
!
2 water : 1 ion!
 !

e.g. 1 mM  NaCl(aq)!
!

e.g. [C4C1Pyrr][NTf2]  ; 3.3 M  !
!



Ionic Liquids!

		



Ionic Liquids: physical properties!

Wide liquidus range   (Tm ~ -20°C to +80°C ; Tb ~ 400-900°C )!

Extremely low vapour pressure !
Conductive / electrolytic with wide electrochemical window!
Chemically stable !
Moderate viscosity    (~20 to 500 cP at 298K) !

!
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From Molten Salts to Ionic Liquids Dupont

We demonstrated that the use of a nitrile functionalized
IL changes the interfacial composition of the vacuum/IL,
enabling synthesis of “soluble” gold nanospheres (AuNSs)
and/or gold nanodisks (AuNDs), self-organized in 2-D and
3-D superlattices. Thus, sputtered “necked” gold atoms/small
clusters are capable of forming coordination-like compounds
with functionalized ionic liquids, opening up completely
new routes for preparing different sized and shaped self-
organizing nanoparticles in solution. Sputtering gold onto
(BCN)MI.NTf2 IL under different discharge conditions yields
gold nanoparticles of different sizes (3!4 and 7!8 nm) self-
organized into 2-D and 3-D superlattices (Figure 7) that are
composed of AuNSs and/or AuNDs. The AuND population
decreaseswith increasing discharge voltage, and at voltages
greater than 340 V only AuNSs were formed. Interestingly,
AuND shapewas determined by various techniques, including
the first reported tomography of a nanoparticle in solution.75

The growth mechanisms of Au in (BCN)MI.NTf2 likely
involve two interconnected parameters: (1) the conforma-
tion of the molecular species of the IL surface; and (2) the
energyof the sputtered atoms.WhenAuatomsare sputtered
with low average kinetic energy, the atoms tend to bind more
with coordinating nitrile groups, forming AuNDs. These disks
were formed by preferential 2-D growth, because of a strong
interaction between Au atoms and the butyronitrile side chain
in themoreexternal regionsof the IL surface. In contrast, AuNSs
were formed by preferential 3-D growth, due to anion!gold

interactions in the more internal region of the IL surface, as
observed for nonfunctionalized ILs.74

Conclusions
It is evident that ILs can no longer be regarded as merely
homogeneous solvents. In fact, because ILs form extended
hydrogen-bond networks with polar and nonpolar nanodo-
mains, they are, by definition, “supramolecular” fluids.
Therefore, ILs are better described hydrogen-bonded as
polymeric supramolecules of the type [(DAI)m(X)m_n)]

nþ-
[(DAI)m_n(X)x)]

n-. This structural pattern is a general trend for
both the solid and the liquid phase, and is apparently
maintained to a large extent even in the gas phase. This
structural organization of ILs can be used as “entropic drivers”
(the so-called “IL effect”) for spontaneous, well-defined, and
extended ordering of nanoscale structures, either in the bulk
phase or at the gas/vacuum interface. Although modern
nonaqueous ILs still encompass a broad field, they are taking
their place as nanostructured liquids, and certainly already
play a major role as entropic drivers in “solution” chemistry.
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FIGURE 7. TEM image of 3D AuNP superlattices from samples synthe-
sized by sputtering onto (BCN)MI.NTf2.

Synthesis of monodisperse 
metal nanoparticles!
(J. Dupont, Acc. Chem. Res. 2011)!

Applications – synthesis & nanotech.!
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ligand-stripping agents helped expose the undercoordinated electro-
philic metal sites at the NC surface. Nucleophilic halide and pseudohal-
ide anions interact with these sites as σ -donors (for example, Cl− and 
SCN− very efficiently bind to Cd2+ sites at CdSe NC surfaces15,16). 
The binding of SCN− ions to QD surfaces was directly observed in IR 
absorption spectra (Extended Data Fig. 2e).

Inorganic nanoparticles form colloids in room temperature ionic 
liquids (ILs)17–20, which are organic analogues of inorganic molten 
salts. Our studies of CdSe NCs in various ILs revealed two distinct 
mechanisms for the latter to support NC colloidal stability. First, stable 
colloids formed when the organic ligands on NCs could be efficiently 
solvated by the IL, as in the case of oleate-capped CdSe NCs dispersed 
in highly hydrophobic trihexyl(tetradecyl)phosphonium bis(2,4,4- 
trimethylpentylphosphinate) IL. NCs dispersed in such ILs pre-
served their original organic ligand shells (Extended Data Fig. 5 and 
Supplementary Discussion). The steric repulsion of organic ligands can 
explain the stability of many reported NC colloids in ILs. Second, we also 
observed stable colloids in hydrophilic ILs that could not efficiently solvate 
NC ligands, but contained ions with sufficient nucleophilicity and affinity 
for the NC surface (for example, Cl− in 1-butyl-3-methylimidazolium  
chloride, [BMIM]+Cl−). CdSe NCs formed stable colloids in 
[BMIM]+Cl− after the original organic ligands were displaced from 
the NC surface by Cl− ions (Extended Data Fig. 5 and Supplementary 
Discussion). No colloidal stabilization occurred if ILs lacked anions with 
strong surface binding affinity (for example, [BMIM]+BF4

−, Extended 
Data Fig. 6a). Such behaviour of NCs in ILs corroborates the observations 
for NCs in molten inorganic salts. However, it should be noted that several 
recent studies reported very large, up to ∼ 10 nm, Debye screening lengths 
measured in pure organic ILs21,22 and explained by the low degree of dis-
sociation of ILs, which points to a qualitative difference in ionic equilibria 
between room temperature organic ILs and molten inorganic salts21.

To gain further insights into the origin of colloidal stability, we mod-
elled the interface between the CdSe crystal and molten KCl using 
molecular dynamics (MD) simulations (Fig. 3b and Supplementary 
Discussion). Solvent structuring takes place near every solid–liquid  
interface, regardless of the interaction between the surface and  
solvent2; it typically creates decaying solvent density oscillations that 
propagate for several molecular diameters23. Ion layering near inter-
faces has been reported in molten salts and organic ILs24, and it was 
also observed in our simulations. Near the interface with a chemically 
inert hard wall, both K+ and Cl− ions showed identical oscillatory  
density profiles that decayed to the bulk density within less than 0.5 nm 
(Fig. 3c, top panel). In contrast, cadmium-terminated [001] and [111] 
CdSe surfaces, which are the typical facets of zinc-blende-structure 
CdSe NCs25, induced a qualitatively different behaviour in the molten 
salt. In agreement with previous experimental data15, CdSe NCs 
showed a strong affinity towards Cl− ions that formed a dense, nearly 
epitaxial surface layer (see Supplementary Discussion). These co-ions 
templated strong ordering in the molten salt, with alternating K+ and 
Cl− shells extending into the liquid phase for about 2 nm (Fig. 3b  
and bottom panel in Fig. 3c). The ion shells created charge density 
oscillations around each NC, which were robust with respect to tem-
perature above Tm (Extended Data Fig. 7a, b).

When two NCs approach each other to a distance smaller than twice 
the length of the structured ion layers, the interference between charge 
density oscillations contributes to attraction or repulsion of the NC 
cores. To evaluate the free energy of this interaction, we carried out 
umbrella sampling simulations (Supplementary Discussion). For two 
parallel surfaces, the surface-templated charge density oscillations 
can interfere constructively or destructively, depending on the dis-
tance, which leads to an exponentially decaying oscillatory interaction 
energy (Fig. 3d). However, any tilt between the two surfaces causes 
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Figure 3 | The origin of colloidal stability in molten salts. a, Centre, 
relationship between colloidal stability and the chemical affinity of the  
NC surface (red) with species in the molten salt (represented by blue and 
green spheres). Corresponding examples of stable (right) and unstable  
(left) colloidal dispersions are shown in the photographs. b, A snapshot  
of MD simulation of the interface between the Cd-terminated [001] surface 
of a zinc-blende-structured CdSe crystal (left) and molten KCl (right).  
c, Density profiles of K+ and Cl− ions, showing the structuring of molten 
salt near the interface with a chemically inert wall (top) and with a  
Cd-terminated [001] (bottom) surface of zinc-blende CdSe crystal.  

The crystal surface templates strong ordering of the molten salt. 
d, e, Simulated free energy of ion structuring in molten KCl (blue dots) 
between two [001] CdSe surfaces parallel to each other (d) and tilted by 20° 
(e). See the Methods subsection ‘MD simulation and theoretical analysis of 
CdSe NC colloids in molten KCl’ for details of error bars. Black lines are the 
predictions from continuum Ginzburg–Landau theory. f, Simulated free 
energy of the interactions between two spheroid NCs (diameter 10 nm); 
shown are total energy, and contributions from ion layer structuring, and 
from van der Waals (vdW) and electrostatic double-layer interactions.
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Stable colloids in molten salts!
(Zhang et al., Nature 2017)!

TFMS is shown in Figure 1. Tyndall effect scattering was noted
upon shining a laser through the EMIm Ac and EMIm TFMS
samples, and Raman spectroscopy confirmed the presence of
graphene sheets comprising only a few layers (c.f. Figure S1).
For both graphene-loaded IL samples, the Raman spectra
revealed characteristic graphene peaks.17 Deconvolution of the
G′ (2D) band (c.f. Figure S2) reveals four and three distinctly
superimposed bands for EMIm Ac and EMIm TFMS,
respectively, which are the fingerprint of few-layer graphene.
To probe the spontaneous exfoliation process directly and in

real-time, the surface evolution of HOPG fully immersed in
each IL was imaged in situ by time-lapse amplitude modulated -
atomic force microscopy (AM-AFM). The whole exfoliation
process can be followed in time lapse movies created from 2
μm × 2 μm images of the HOPG surface. Over time, the
appearance of the HOPG undergoes dramatic changes, but only
in the presence of EMIm Ac and EMIm TFMS (Movies S1 and
S2, respectively). No changes were seen for the other ILs.
Figure S3 shows a 2 μm × 2 μm AFM image of the EMIm
TFSI − HOPG system obtained after 4 h of imaging, for
comparison. Here, no changes to the underlying HOPG surface
are observed, meaning that no graphene exfoliation has
occurred. Figure 1 presents some of the critical steps of the
exfoliation process seen by AFM. At 4 min after immersion
(Figure 1 a), the planes and step edges characteristic of intact
HOPG surfaces18 are visible. After 137 min for EMIm Ac and
37 min for EMIm TFMS, distinct changes are visible (Figure
1b) with the HOPG surface roughening, particularly in the
areas around the step edges. Phase images are presented
preferentially to topographical data because they are generally
more sensitive to small changes in surface composition, which
facilitates a more detailed interpretation.19 The corresponding
height images are presented as Figure S4.
In some places (see blue arrows in Figure 1), step edges grow

significantly wider, indicating erosion of the surface. The effect
is most notable for EMIm TFMS. After 190 min for EMIm Ac
and 72 min for EMIm TFMS the HOPG surface bears little

resemblance to the original HOPG. The flat terraces observed
initially are absent, and replaced by amorphous domains
separated only by the most pronounced step edges. The
appearance of the surface at longer time periods was similar,
consistent with continued exfoliation. Imaging of surface
locations not previously imaged by the tip showed similar
features at all times (c.f. Figure S5), ruling out the possibility of
tip-induced effects.
In order to gain further insights into the molecular

mechanisms inducing exfoliation of the HOPG, molecular-
resolution time lapse-movies were acquired (Movie S3).
Selected nanoscale images of the process are shown in Figure
2a−c for EMIm−Ac together with the identified mechanism
(Figure 2e−g). These images were obtained directly after
monitoring the exfoliation mechanism at larger length scales
(Figure 1a−c). This means that a 40 nm × 40 nm area was not
monitored for the entire time indicated. Rows of ellipses cover
most of the surface, arranged according to a hexagonal
symmetry templated by the underlying HOPG (Figure 2a−
c). In a previous study20 of the EMIm TFSI−HOPG interface
(where graphene exfoliation is not observed, c.f. Table 1), we
determined that these ellipses show individual EMIm+ ions
adsorbed onto the HOPG. Distinct features due to TFSI−

adsorption were also present. Here, the surface rows for EMIm
Ac visible in Figure 2a−c all have the same appearance,
indicating that the anions are excluded from the surface layer.
This is reasonable because both Ac− and TFMS− are
substantially more hydrophilic than TFSI− and hence will be
less strongly attracted to the HOPG surface. (At the same
magnification, the appearance of EMIm TFMS − HOPG
interface is similar to EMIm Ac.) The featureless area at the top
left (blue arrow, Figure 2a) is a graphene flake already (or
partially) detached from the surface. Ion positions cannot be
resolved because of the mobility of the flake. Over time, the
flake moves toward the top of the image (blue arrow, Figure
2b−c), exposing new cation rows running in two main
directions around a central defect (green arrow, Figure 2a−

Figure 2. (a)−(c) Phase images, 40 nm × 40 nm, of the EMIm Ac−HOPG interface obtained sequentially (time indicated as an inset to the image).
The cantilever was kept in a single imaging location during imaging, meaning that the observed features are a consequence of changes to the HOPG
surface. Colored arrows mark the surface locations which appear to peel away from the surface. (d) Schematic of the lateral arrangement of adsorbed
EMIm+ cations at the HOPG interface. (e)−(g) Schematic of the exfoliation mechanism which occurs spontaneously in the presence of EMIm Ac
and EMIm TFMS.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.6b01323
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Spontaneous exfoliation of graphene !
(Elbourne et al. JPCL 2016)!



Applications!Applications – in engineering! Electrical contacts !

4

Even contact surfaces that appear very smooth to the naked 

eye show a certain degree of roughness when seen under a 

microscope. Consequently, the electrically effective surface 

is a mere 1 % to 0.01 % of the apparent contact surface, 

depending on the contact force applied. It is this very small 

actual contact surface that is responsible for the so-called 

constriction resistance (see Fig. a, b).

The resistance is increased by the foreign layers that are 

frequently found on the contact surfaces (e.g. metal oxide 

layers or plastic deposits). It takes a sufficiently high contact 

force or heat generation due to the power loss to penetrate 

these layers. If the heat is too extreme, micro-welding 

occurs, leading to the so-called  “spot sticks”. The remaining 

electrically effective contact surface is termed “a-spots” (see 

Fig. c).

With frequent repetition of these processes – which may be 

caused by plug and unplug cycles, vibration or temperature 

cycles – the contact surface changes, rendering penetration 

of the foreign layer ever more difficult. The electrical 

contact will soon no longer have a constantly low transition 

resistance; the contact becomes unstable.

What causes the transition resistance in electrical contacts?

b) Closed contact

c) Closed contact (top view)

a) Open contact

… & Astronautics! electrospray propulsion!

different values of FN and D within the n = 1 and n = 3
repulsive structural force regions (Fig. 4A). FS,y remains low
for the n=3 (D=1.08! 0.15 nm) film, increasing very gently
with increasing applied normal force up to B10 mN. From the
gradient of this dependence of FS,y on FN we can determine the
coefficient of friction: m(n = 3) = dFS/dFN(n = 3) = 0.009 !
0.002. FS was found to be essentially independent of the rate of
applied shear (v/D where v is the shear velocity) over the range
studied, as shown in the inset to Fig. 4A. At the point where
FN is sufficient to squeeze out [EMIM][EtSO4] from the n = 3
film, to leave a single layer of imidazolium ions (n = 1 at
D = 0.23 ! 0.15 nm), FS increases discontinuously to a higher
value (arrows in Fig. 4A). FS then continues to increase with
FN at a steeper rate compared to the n=3 film, giving m(n = 1) =
0.12 ! 0.02. Previous macroscopic and AFM studies of
lubrication by RTILs have found coefficients of friction
in the range m = 0.03–0.8,8,9 although in those experiments

the pressure and film thickness over the sliding contact were
not measured (and are likely to be non-uniform due to surface
roughness and asperity contacts). Therefore it is likely that
m-values in those previous studies are average values arising
from regions of direct substrate contacts and regions of
differing numbers of ion layers and pressures.
Our results demonstrate significantly different shear properties

for the RTIL [EMIM][EtSO4] compared to simple non-ionic
liquids such as OMCTS23,26 (which shows oscillatory

Fig. 3 Examples of the shear force (FS) response of the confined

RTIL films at different values of FN and D. The applied back-and-

forth lateral motion of one mica surface is shown in trace T. Traces

A–C, are the response to this applied lateral motion measured at the

three points marked A–C, respectively, in Fig. 2. At A (D E 3.5 nm)

FS stays at or below the noise level. At B (D E 1.08 nm) a small but

measurable shear force is detected: the surfaces are coupled until a

yielding value, FS,y is reached (e.g. at the point marked y), then they

slide past each other until the shear direction is reversed and the cycle

repeats. At C (D E 0.23 nm) the behavior is similar but with higher

yielding shear force. FS,y is half the height between the sliding regimes.

The horizontal nature of the sliding regions shows that ‘steady state’

sliding is reached in each cycle before the shear direction is reversed.

Fig. 4 A: shear force vs. normal force, for the n = 3 and n = 1 films.

Each point is taken from a trace such as in Fig. 3. The inset shows how

FS is essentially independent of shear rate (v/D) over the range

investigated (for a fixed value of FN E 200 mN). B: comparison of

shear stress (s = FS/A; A is the contact area measured directly from

the interference pattern for each shear measurement, with typical

values of order 102–103 mm2) vs. normal pressure, P (P = FN/A) for

the [EMIM][EtSO4] and two non-polar molecular liquids octamethyl-

cyclotetrasiloxane (OMCTS; solid line, from ref. 26) and squalane

(2,6,10,15,19,23-hexamethyltetracosane, C30H62; dashed line, from

ref. 27). All data were measured using a similar SFB method, and

are directly comparable to the [EMIM][EtSO4] n = 3 film: the

OMCTS also with 3 molecular layers, and the squalane with a similar

film thickness of 1.7–2.5 nm. The coefficients of friction, m, are:

m(RTIL,n = 3) = 0.009 ! 0.002; m(Squalane) = 0.12; m(OMCTS, n = 3) = 1.1.

This journal is "c the Owner Societies 2010 Phys. Chem. Chem. Phys., 2010, 12, 1243–1247 | 1245

Lubrication!
(Perkin, PCCP 2010)!

and energy maxima between are due to disruption of the ordered
layering. The closest separation reached is 0.23 ! 0.15 nm
(relative to air-contact calibration), which is attributed to a
single layer composed predominantly of imidazolium cations
(‘n = 1’) between the negatively charged mica sheets. The
adjacent energy minimum at 1.08 ! 0.15 nm is attributed to
three layers of ions between the surfaces (‘n = 3’): a layer of
cations at each surface and a central layer containing excess
anions. These arrangements are shown schematically in the
inset to Fig. 2, and we justify this interpretation as follows.

The mica surfaces are negatively charged due to dissociation
of surface K+ ions into the surrounding RTIL where they are
solvated in the bulk liquid (the bulk [EMIM][EtSO4] has a
dielectric constant of e = 35.224). The negative mica charge is
compensated by an excess of [EMIM] cations in the region
near each surface:14–17 an ‘electrical double layer’. However
the double layer in RTILs is likely to be considerably different
to the well understood situation in aqueous electrolytes: the
ion-correlation effects in these dense coulombic systems are
expected to lead to over-compensation of surface charges and
oscillations in cation and anion charge density near the
charged surface.12 This has indeed been observed in recent
simulations14–16 and XRR experiments.17 In the particular
case of mica and imidazolium cations, previous experiments
have demonstrated the ion-exchange of K+ with imidazolium
on mica surfaces.25 We have calculated the [EMIM] cation size
using both molecular mechanics (CHARMM code) and a
semi-empirical package (MOPAC, PM3 method, restricted),
each confirming the following dimensions: (0.76 ! 0.03 nm) "
(0.36 ! 0.08 nm) " (0.22 ! 0.04 nm), with the uncertainty
arising from the available conformations of the ethyl group.
Therefore we propose that between the two mica surfaces at
the measured closest energy minimum of 0.23 ! 0.15 nm there
exists a layer predominantly composed of [EMIM] cations
(an [EMIM] ‘monolayer’ so-called ‘n=1’) lying with aromatic
rings parallel to the mica surface. This monolayer has a
positive surface charge density which closely compensates
the negative surface charge density of the two confining mica
sheets, although precise calculations are not meaningful since
we do not know the packing orientation of the ions. The next
energy minimum (at 1.08 ! 0.15 nm) must include equal
numbers of additional cations and anions in order to maintain
charge neutrality in the film, and therefore we propose this
consists of a monolayer of [EMIM] cations at each negative
mica surface and a mid-layer containing an excess of [EtSO4]
anions between (so-called ‘n = 3’). This alternate anion–
cation interfacial layering picture maintains electro-neutrality
in the films, and is in line with recent simulations and
experiments.14–17 We note that the orientations of the ions
and the degrees of exchange or excess between the layers in
these films cannot be determined from the present experiments.
The shear properties of the film were characterized by

applying a lateral motion to one surface and detecting the
shear force, FS, transmitted across the film to the other surface
at different values of surface separation (i.e. film thickness).
Three examples of this are shown in Fig. 3. FS remains at or
below the resolution of the measurement (e.g. Fig. 3A) for
D4 1.5 nm. When D= 1.08 ! 0.15 nm, corresponding to the
n= 3 film, a small yield force of FS,y E 5 mN is measured (e.g.
Fig. 3B, and weakly dependent on FN as described later) above
which value the surfaces slide smoothly past one another until
the shear direction is reversed. At a separation of D = 0.23 !
0.15 nm (n = 1) the surfaces remain coupled up to higher
values of FS before sliding occurs (Fig. 3C). There is no
observable difference between the static (FS,y) and the kinetic
(FS,k) shear force, i.e. there is no stiction before sliding or
stick-slip during sliding.
In order to study the effect of applied normal load on the

friction between the surfaces, we measured the shear forces at

Fig. 2 Interaction force, normalised by radius of curvature, between

mica surfaces across [EMIM][EtSO4] as a function of the surface

separation. Diamond data points (E) were recorded on approach

and circles (K) were measured on retraction of the surfaces. The line is

a guide to the eye showing the oscillatory nature of the force law. In

the region between 1.5 nm and 4.0 nm (dashed line) there may be

further oscillations in the force law: this was not investigated in the

present study (we focus on the higher pressure behavior), where data

points were only collected on approach of the surfaces in this region.

Attractive regions are manifested as ‘jumps-in’ due to a spring

instability when dFN/dD 4 KN (dotted line regions), at which point

RTIL is squeezed out of the film and the surfaces approach to the

next closest stable region. Energy minima are similarly detected as

jumps-out as shown by arrows. The repulsive regions at 1.08 ! 0.15 nm

and 0.23! 0.15 nm correspond to three layers (‘‘n= 3’’) and one layer

(‘‘n = 1’’) of ions between the mica sheets, respectively, as shown in

the inset and described in the text.

1244 | Phys. Chem. Chem. Phys., 2010, 12, 1243–1247 This journal is #c the Owner Societies 2010



Bulk structure!

Canongia Lopes & Pádua et al. J. Phys. 
Chem. B (2007)!

amphiphilic ion, and leads to a bicontinuous arrangement of
polar and apolar domains. Revelations of stronger domain
segregation with symmetric imidazolium cations379,455 are
consistent with this, as it induces a more amphiphilic cation.

129Xe NMR spectroscopy has provided new evidence in
support of the mesoscopic model, complemented by MD
simulations.456 A range of popular imidazolium ILs with [Cl−],
[PF6

−], and [NTf2
−] anions were studied, and the chemical shift

of the 129Xe signal was used to study bulk structure. Xe is an
effective probe of local ion arrangements. It can differentiate
between different solvent atom types within the polar and apolar
domains, and show how these domains evolve with changes in IL
structure. Similar experiments by others groups457 have shown
the broad applicability of this technique to investigate IL
structure, although the latter study did not accompany their
NMR experiments with MD simulations. This led them to
conclude the IL bulk was “cage-like” rather than mesoscopic
structure.
X-ray photoelectron spectroscopy (XPS) experiments by the

License group have probed the electronic environment (binding
energies) of elements in pyrrolidinium-458 and amino acid-459

based ILs, as well as of organic reactions in ILs.460 Notably, the
length of the cation alkyl chain was shown to have little effect on
the electronic environment of the charged moieties. This means
that the electrostatic interactions in the polar domain are largely
unaffected by changes in the apolar domain.

3.4. Novel Ion Types That Self-Assemble

3.4.1. Fluorous ILs. Replacing a hydrocarbon group with the
corresponding fluorinated species has a long and interesting
history in colloid science461−463 and chemistry generally,464,465

because it can induce changes in structure. ILs are no different.
Several groups have shown that fluorous analogues of both
PILs466,467 and AILs382,468−470 are more structured than their
nonfluorous counterparts. X-ray scattering,466−468 NMR,468 and
MD simulations382,469−471 indicate that tricontinuous nano-
structures are formed with fluorous ILs consisting of (1) polar
domain of charged groups, (2) apolar domain of hydrocarbon,
and (3) fluorous domain of fluorocarbon moieties (cf., Figure
14). Further evidence for this structure was noted in the thermal
behavior of these ILs.469 Overall, these results parallel reports of
complex tricontinuous domains in liquid crystals.472

Although far fewer papers have dealt with fluorous ILs, a
number of key molecular effects have been observed in relation
to structure. First, to produce a well-defined fluorocarbon
domain, the fluoroalkyl chain must be approximately two
carbons longer than for the formation of hydrocarbon
domains.466,467 This is likely because the fluorocarbon and
hydrocarbon groups are partially miscible with each other in the
bulk, analogous to segregation in mixed micelles.473 Alter-
natively, the fluorocarbon group may be less solvophobic than
the corresponding hydrocarbon, reducing drive for ions to self-
assemble. Second, unlike most amphiphilic ILs, stronger
segregation of the solvent domains can be induced by a hydroxyl
group at the terminal position on the cation.466,467 The origin of
this in fluorous ILs is still unclear but likely related to the strong
electronegativity of fluorine atoms. This in turn promotes
stronger solvophobic segregation of the different chemical
groups.
3.4.2. Dicationic ILs.Dicationic ILs are an interesting subset

of ILs akin to bolaform474 or gemini475 surfactants.476 Divalent
cations produce much different structures,477−481 dynam-
ics,478,482 and thus solvent properties483,484 than corresponding

monovalent ILs. In principle, all of the popular cation structures
used in monovalent ILs have a dicationic analogue. Studies have
so far focused on AILs; we are not aware of any reports of protic
dicationic ILs in the literature, likely because it requires transfer
of two protons, which may be impossible to achieve (or
explosive!) at room temperature. Recently, Davis et al. have
characterized dicationic ILs with both protic and aprotic charge
centers.126 Interesting examples of magnetic485 and polymer-
izable486 dicationic ILs have been described in the literature.
As yet, there has only been one experimental study of the ion

arrangements in pure dicationic ILs, although some work has
been conducted on the interactions and crystal structures of high
melting (molten) dicationic salts487,488 as well as their mixtures
with water.489,490 Recently, SWAXS data for [Cn(mim)2](NTf2)2
(n = 3, 6, 12) were published and complemented by fitting with
MD simulations.477 The results are consistent with the larger
body of simulation work on dicationic ILs,478−481 which had
been used to predict the expected S(q) that would be measured
in scattering experiments. Bulk structure was shown to depend
principally on the “spacer” alkyl chain length separating the
cation charge centers, consistent with findings for monovalent
PILs and AILs.363,428,491 This is shown in Figure 15.
Interestingly, the bulk correlation peak at low Q is not as

pronounced for monocationic ILs, and only emerges once the
alkyl chain length is ≥12. Anions were shown to have weak
contributions toward bulk structure; they strongly interact with
the positively charged headgroups, leaving a void of ion density
around the alkyl groups (cf., Figure 15). In general, when the
alkyl “spacer” group is short, a divalent cation has no significant
effect on bulk mesostructure as compared to the monovalent
cation IL. Differences arise when the alkyl “spacer” is long, due to
the lower entropy, which may adopt a linear (majority) or folded
(minority) conformation. This shows that the mesoscopic model
of polar/apolar domains holds for dicationic ILs, although amore
curved topology is formed.477,481

Figure 14. Snapshot of the tricontinuous nanostructure in a fluorous IL,
butylammonium pentadecafluorooctanoate. Fluorous domains are
composed of aggregated green fluorocarbon groups; apolar domains
are the red hydrocarbon tails, both of which subsist between the
undulating polar domain depicted in yellow. Red and blue spheres show
oxygen and nitrogen atoms in the polar domain. Reproduced with
permission from ref 471. Copyright 2014 American Chemical Society.
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connected to the imidazolium nitrogens); atoms that we identify
as forming the nonpolar region of the ion are those from C2 in
the alkyl chains onward. The rationale for such a division is
illustrated in the electrostatic surface potential plot in Figure 3.
In anions such as BF4, PF6, CF3SO3-, and (CF3SO2)2N-, all
atoms belong to the charged set.
Visualization of the charged and nonpolar domains that

eventually form in the liquid phase can be achieved in a very
effective way by applying a coloring code: red was chosen for
the atoms of the charged or “polar” regions, and green, for those
of the nonpolar ones, as in Figure 4. Examples of simulation
boxes containing ionic liquids are shown in Figure 5.
The results of the present study agree with those of Wang

and Voth25 concerning the broad picture, but our use of an
explicit-atom model provided additional detail. The distribution
of the charged domains is not homogeneous, but instead, it has
the form of a continuous tridimensional network of ionic
channels, coexisting with the nonpolar domains which form, in

some cases, dispersed microphases (in C2) or, in others,
continuous ones (in C12).
The simulation snapshots of Figure 5, especially those

rendered under the red/green polar/nonpolar convention, provide
a powerful visual insight into the nature and evolution of the
observed structures as the length of the nonpolar chain is
increased. However, a more complete analysis can be performed
if the radial distribution functions (and corresponding static
structure factors) are considered.
Polar Tridimensional Network. All of the IL structures in

Figure 5, from C2mim to C12mim, exhibit polar (red) domains
that become more and more permeated by nonpolar (green)
regions but, nevertheless, manage to preserve their continuity.
An analogy can be made to a gel, where, despite the eventual
swelling of the system, the interconnectivity of the cross-linked
phase remains intact.
To confirm the persistence of the polar structure as the alkyl-

chain length increases, we first analyzed the anion-anion center-
of-mass RDFs, shown in Figure 6a. It is obvious that the anion-
anion distances remain the same in all ILs, meaning that the
presence of longer alkyl chains will have to be accommodated
for without disruption of the cation-anion network and their
characteristic distances.

Figure 2. Site-site intermolecular radial distribution functions of the
terminal carbon of the alkyl side-chain in several ionic liquids composed
of 1-alkyl-3-methylimidazolium cations and PF6 or (CF3SO2)2N- anions.

Figure 3. Mapping of the electrostatic potential onto an isoelectronic
density surface obtained ab initio at the MP2 level (darker blue shades
represent more positive regions) in the C4mim+ cation. Details of the
calculations can be found in the literature.27

Figure 4. Coloring code used to distinguish the “polar” from the
“nonpolar” regions of the ions: (left) Corey, Pauling, Koltun
(CPK) coloring; (right) red/green coloring. The example given is
[C4mim][PF6].

Figure 5. Snapshots of simulation boxes containing 700 ions of
[Cnmim][PF6]. The application of a coloring code enables clear
identification of the charged and nonpolar domains that form in ionic
liquids. The lengths of the box sides are given: (a) [C2mim][PF6] CPK
coloring; (b) [C2mim][PF6] same configuration as in a with red/green
(charged/nonpolar) coloring; (c) [C4mim][PF6] l ) 49.8 Å; (d)
[C6mim][PF6] l ) 52.8 Å; (e) [C8mim][PF6] l ) 54.8 Å; (f) [C12mim]-
[PF6] l ) 59.1 Å.
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effect should be mostly due to the local solvent stiffness
(electrostriction effect61−63) and not due to tracer-solvent
Coulombic interactions. As the tracer diffuses, it encounters
regions that are stiff and regions that are soft. Stiff highly polar
regions are associated with cage segments of the tracer
trajectory, and soft and more apolar regions are associated
with jump segments.

As conventional wisdom would dictate, in all cases tails are
the component in closest contact with methane (see bottom
panel in Figure S7 in the SI). Analyzing the solvation by tails we
see that there is a small enhancement of tails in the jump
regime compared with the cage regime. An integral of the pair
distribution functions (Figure S7 in the SI) confirms that cage
regimes are associated with extra heads around the tracer,

Figure 4. Examples of cage and jump trajectories for CH4 and NH4
+ in [Pyrr4,1

+][NTf2
−] showing how the cutoffs defined in Figure 2 for Rt*

g in
trajectory space properly capture short and long displacements that deviate positively from the ideal Gaussian distribution in displacement space.
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and energy maxima between are due to disruption of the ordered
layering. The closest separation reached is 0.23 ! 0.15 nm
(relative to air-contact calibration), which is attributed to a
single layer composed predominantly of imidazolium cations
(‘n = 1’) between the negatively charged mica sheets. The
adjacent energy minimum at 1.08 ! 0.15 nm is attributed to
three layers of ions between the surfaces (‘n = 3’): a layer of
cations at each surface and a central layer containing excess
anions. These arrangements are shown schematically in the
inset to Fig. 2, and we justify this interpretation as follows.

The mica surfaces are negatively charged due to dissociation
of surface K+ ions into the surrounding RTIL where they are
solvated in the bulk liquid (the bulk [EMIM][EtSO4] has a
dielectric constant of e = 35.224). The negative mica charge is
compensated by an excess of [EMIM] cations in the region
near each surface:14–17 an ‘electrical double layer’. However
the double layer in RTILs is likely to be considerably different
to the well understood situation in aqueous electrolytes: the
ion-correlation effects in these dense coulombic systems are
expected to lead to over-compensation of surface charges and
oscillations in cation and anion charge density near the
charged surface.12 This has indeed been observed in recent
simulations14–16 and XRR experiments.17 In the particular
case of mica and imidazolium cations, previous experiments
have demonstrated the ion-exchange of K+ with imidazolium
on mica surfaces.25 We have calculated the [EMIM] cation size
using both molecular mechanics (CHARMM code) and a
semi-empirical package (MOPAC, PM3 method, restricted),
each confirming the following dimensions: (0.76 ! 0.03 nm) "
(0.36 ! 0.08 nm) " (0.22 ! 0.04 nm), with the uncertainty
arising from the available conformations of the ethyl group.
Therefore we propose that between the two mica surfaces at
the measured closest energy minimum of 0.23 ! 0.15 nm there
exists a layer predominantly composed of [EMIM] cations
(an [EMIM] ‘monolayer’ so-called ‘n=1’) lying with aromatic
rings parallel to the mica surface. This monolayer has a
positive surface charge density which closely compensates
the negative surface charge density of the two confining mica
sheets, although precise calculations are not meaningful since
we do not know the packing orientation of the ions. The next
energy minimum (at 1.08 ! 0.15 nm) must include equal
numbers of additional cations and anions in order to maintain
charge neutrality in the film, and therefore we propose this
consists of a monolayer of [EMIM] cations at each negative
mica surface and a mid-layer containing an excess of [EtSO4]
anions between (so-called ‘n = 3’). This alternate anion–
cation interfacial layering picture maintains electro-neutrality
in the films, and is in line with recent simulations and
experiments.14–17 We note that the orientations of the ions
and the degrees of exchange or excess between the layers in
these films cannot be determined from the present experiments.
The shear properties of the film were characterized by

applying a lateral motion to one surface and detecting the
shear force, FS, transmitted across the film to the other surface
at different values of surface separation (i.e. film thickness).
Three examples of this are shown in Fig. 3. FS remains at or
below the resolution of the measurement (e.g. Fig. 3A) for
D4 1.5 nm. When D= 1.08 ! 0.15 nm, corresponding to the
n= 3 film, a small yield force of FS,y E 5 mN is measured (e.g.
Fig. 3B, and weakly dependent on FN as described later) above
which value the surfaces slide smoothly past one another until
the shear direction is reversed. At a separation of D = 0.23 !
0.15 nm (n = 1) the surfaces remain coupled up to higher
values of FS before sliding occurs (Fig. 3C). There is no
observable difference between the static (FS,y) and the kinetic
(FS,k) shear force, i.e. there is no stiction before sliding or
stick-slip during sliding.
In order to study the effect of applied normal load on the

friction between the surfaces, we measured the shear forces at

Fig. 2 Interaction force, normalised by radius of curvature, between

mica surfaces across [EMIM][EtSO4] as a function of the surface

separation. Diamond data points (E) were recorded on approach

and circles (K) were measured on retraction of the surfaces. The line is

a guide to the eye showing the oscillatory nature of the force law. In

the region between 1.5 nm and 4.0 nm (dashed line) there may be

further oscillations in the force law: this was not investigated in the

present study (we focus on the higher pressure behavior), where data

points were only collected on approach of the surfaces in this region.

Attractive regions are manifested as ‘jumps-in’ due to a spring

instability when dFN/dD 4 KN (dotted line regions), at which point

RTIL is squeezed out of the film and the surfaces approach to the

next closest stable region. Energy minima are similarly detected as

jumps-out as shown by arrows. The repulsive regions at 1.08 ! 0.15 nm

and 0.23! 0.15 nm correspond to three layers (‘‘n= 3’’) and one layer

(‘‘n = 1’’) of ions between the mica sheets, respectively, as shown in

the inset and described in the text.
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ligand-stripping agents helped expose the undercoordinated electro-
philic metal sites at the NC surface. Nucleophilic halide and pseudohal-
ide anions interact with these sites as σ -donors (for example, Cl− and 
SCN− very efficiently bind to Cd2+ sites at CdSe NC surfaces15,16). 
The binding of SCN− ions to QD surfaces was directly observed in IR 
absorption spectra (Extended Data Fig. 2e).

Inorganic nanoparticles form colloids in room temperature ionic 
liquids (ILs)17–20, which are organic analogues of inorganic molten 
salts. Our studies of CdSe NCs in various ILs revealed two distinct 
mechanisms for the latter to support NC colloidal stability. First, stable 
colloids formed when the organic ligands on NCs could be efficiently 
solvated by the IL, as in the case of oleate-capped CdSe NCs dispersed 
in highly hydrophobic trihexyl(tetradecyl)phosphonium bis(2,4,4- 
trimethylpentylphosphinate) IL. NCs dispersed in such ILs pre-
served their original organic ligand shells (Extended Data Fig. 5 and 
Supplementary Discussion). The steric repulsion of organic ligands can 
explain the stability of many reported NC colloids in ILs. Second, we also 
observed stable colloids in hydrophilic ILs that could not efficiently solvate 
NC ligands, but contained ions with sufficient nucleophilicity and affinity 
for the NC surface (for example, Cl− in 1-butyl-3-methylimidazolium  
chloride, [BMIM]+Cl−). CdSe NCs formed stable colloids in 
[BMIM]+Cl− after the original organic ligands were displaced from 
the NC surface by Cl− ions (Extended Data Fig. 5 and Supplementary 
Discussion). No colloidal stabilization occurred if ILs lacked anions with 
strong surface binding affinity (for example, [BMIM]+BF4

−, Extended 
Data Fig. 6a). Such behaviour of NCs in ILs corroborates the observations 
for NCs in molten inorganic salts. However, it should be noted that several 
recent studies reported very large, up to ∼ 10 nm, Debye screening lengths 
measured in pure organic ILs21,22 and explained by the low degree of dis-
sociation of ILs, which points to a qualitative difference in ionic equilibria 
between room temperature organic ILs and molten inorganic salts21.

To gain further insights into the origin of colloidal stability, we mod-
elled the interface between the CdSe crystal and molten KCl using 
molecular dynamics (MD) simulations (Fig. 3b and Supplementary 
Discussion). Solvent structuring takes place near every solid–liquid  
interface, regardless of the interaction between the surface and  
solvent2; it typically creates decaying solvent density oscillations that 
propagate for several molecular diameters23. Ion layering near inter-
faces has been reported in molten salts and organic ILs24, and it was 
also observed in our simulations. Near the interface with a chemically 
inert hard wall, both K+ and Cl− ions showed identical oscillatory  
density profiles that decayed to the bulk density within less than 0.5 nm 
(Fig. 3c, top panel). In contrast, cadmium-terminated [001] and [111] 
CdSe surfaces, which are the typical facets of zinc-blende-structure 
CdSe NCs25, induced a qualitatively different behaviour in the molten 
salt. In agreement with previous experimental data15, CdSe NCs 
showed a strong affinity towards Cl− ions that formed a dense, nearly 
epitaxial surface layer (see Supplementary Discussion). These co-ions 
templated strong ordering in the molten salt, with alternating K+ and 
Cl− shells extending into the liquid phase for about 2 nm (Fig. 3b  
and bottom panel in Fig. 3c). The ion shells created charge density 
oscillations around each NC, which were robust with respect to tem-
perature above Tm (Extended Data Fig. 7a, b).

When two NCs approach each other to a distance smaller than twice 
the length of the structured ion layers, the interference between charge 
density oscillations contributes to attraction or repulsion of the NC 
cores. To evaluate the free energy of this interaction, we carried out 
umbrella sampling simulations (Supplementary Discussion). For two 
parallel surfaces, the surface-templated charge density oscillations 
can interfere constructively or destructively, depending on the dis-
tance, which leads to an exponentially decaying oscillatory interaction 
energy (Fig. 3d). However, any tilt between the two surfaces causes 
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Figure 3 | The origin of colloidal stability in molten salts. a, Centre, 
relationship between colloidal stability and the chemical affinity of the  
NC surface (red) with species in the molten salt (represented by blue and 
green spheres). Corresponding examples of stable (right) and unstable  
(left) colloidal dispersions are shown in the photographs. b, A snapshot  
of MD simulation of the interface between the Cd-terminated [001] surface 
of a zinc-blende-structured CdSe crystal (left) and molten KCl (right).  
c, Density profiles of K+ and Cl− ions, showing the structuring of molten 
salt near the interface with a chemically inert wall (top) and with a  
Cd-terminated [001] (bottom) surface of zinc-blende CdSe crystal.  

The crystal surface templates strong ordering of the molten salt. 
d, e, Simulated free energy of ion structuring in molten KCl (blue dots) 
between two [001] CdSe surfaces parallel to each other (d) and tilted by 20° 
(e). See the Methods subsection ‘MD simulation and theoretical analysis of 
CdSe NC colloids in molten KCl’ for details of error bars. Black lines are the 
predictions from continuum Ginzburg–Landau theory. f, Simulated free 
energy of the interactions between two spheroid NCs (diameter 10 nm); 
shown are total energy, and contributions from ion layer structuring, and 
from van der Waals (vdW) and electrostatic double-layer interactions.
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Even contact surfaces that appear very smooth to the naked 

eye show a certain degree of roughness when seen under a 

microscope. Consequently, the electrically effective surface 

is a mere 1 % to 0.01 % of the apparent contact surface, 

depending on the contact force applied. It is this very small 

actual contact surface that is responsible for the so-called 

constriction resistance (see Fig. a, b).

The resistance is increased by the foreign layers that are 

frequently found on the contact surfaces (e.g. metal oxide 

layers or plastic deposits). It takes a sufficiently high contact 

force or heat generation due to the power loss to penetrate 

these layers. If the heat is too extreme, micro-welding 

occurs, leading to the so-called  “spot sticks”. The remaining 

electrically effective contact surface is termed “a-spots” (see 

Fig. c).

With frequent repetition of these processes – which may be 

caused by plug and unplug cycles, vibration or temperature 

cycles – the contact surface changes, rendering penetration 

of the foreign layer ever more difficult. The electrical 

contact will soon no longer have a constantly low transition 

resistance; the contact becomes unstable.

What causes the transition resistance in electrical contacts?

b) Closed contact

c) Closed contact (top view)

a) Open contact
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and energy maxima between are due to disruption of the ordered
layering. The closest separation reached is 0.23 ! 0.15 nm
(relative to air-contact calibration), which is attributed to a
single layer composed predominantly of imidazolium cations
(‘n = 1’) between the negatively charged mica sheets. The
adjacent energy minimum at 1.08 ! 0.15 nm is attributed to
three layers of ions between the surfaces (‘n = 3’): a layer of
cations at each surface and a central layer containing excess
anions. These arrangements are shown schematically in the
inset to Fig. 2, and we justify this interpretation as follows.

The mica surfaces are negatively charged due to dissociation
of surface K+ ions into the surrounding RTIL where they are
solvated in the bulk liquid (the bulk [EMIM][EtSO4] has a
dielectric constant of e = 35.224). The negative mica charge is
compensated by an excess of [EMIM] cations in the region
near each surface:14–17 an ‘electrical double layer’. However
the double layer in RTILs is likely to be considerably different
to the well understood situation in aqueous electrolytes: the
ion-correlation effects in these dense coulombic systems are
expected to lead to over-compensation of surface charges and
oscillations in cation and anion charge density near the
charged surface.12 This has indeed been observed in recent
simulations14–16 and XRR experiments.17 In the particular
case of mica and imidazolium cations, previous experiments
have demonstrated the ion-exchange of K+ with imidazolium
on mica surfaces.25 We have calculated the [EMIM] cation size
using both molecular mechanics (CHARMM code) and a
semi-empirical package (MOPAC, PM3 method, restricted),
each confirming the following dimensions: (0.76 ! 0.03 nm) "
(0.36 ! 0.08 nm) " (0.22 ! 0.04 nm), with the uncertainty
arising from the available conformations of the ethyl group.
Therefore we propose that between the two mica surfaces at
the measured closest energy minimum of 0.23 ! 0.15 nm there
exists a layer predominantly composed of [EMIM] cations
(an [EMIM] ‘monolayer’ so-called ‘n=1’) lying with aromatic
rings parallel to the mica surface. This monolayer has a
positive surface charge density which closely compensates
the negative surface charge density of the two confining mica
sheets, although precise calculations are not meaningful since
we do not know the packing orientation of the ions. The next
energy minimum (at 1.08 ! 0.15 nm) must include equal
numbers of additional cations and anions in order to maintain
charge neutrality in the film, and therefore we propose this
consists of a monolayer of [EMIM] cations at each negative
mica surface and a mid-layer containing an excess of [EtSO4]
anions between (so-called ‘n = 3’). This alternate anion–
cation interfacial layering picture maintains electro-neutrality
in the films, and is in line with recent simulations and
experiments.14–17 We note that the orientations of the ions
and the degrees of exchange or excess between the layers in
these films cannot be determined from the present experiments.
The shear properties of the film were characterized by

applying a lateral motion to one surface and detecting the
shear force, FS, transmitted across the film to the other surface
at different values of surface separation (i.e. film thickness).
Three examples of this are shown in Fig. 3. FS remains at or
below the resolution of the measurement (e.g. Fig. 3A) for
D4 1.5 nm. When D= 1.08 ! 0.15 nm, corresponding to the
n= 3 film, a small yield force of FS,y E 5 mN is measured (e.g.
Fig. 3B, and weakly dependent on FN as described later) above
which value the surfaces slide smoothly past one another until
the shear direction is reversed. At a separation of D = 0.23 !
0.15 nm (n = 1) the surfaces remain coupled up to higher
values of FS before sliding occurs (Fig. 3C). There is no
observable difference between the static (FS,y) and the kinetic
(FS,k) shear force, i.e. there is no stiction before sliding or
stick-slip during sliding.
In order to study the effect of applied normal load on the

friction between the surfaces, we measured the shear forces at

Fig. 2 Interaction force, normalised by radius of curvature, between

mica surfaces across [EMIM][EtSO4] as a function of the surface

separation. Diamond data points (E) were recorded on approach

and circles (K) were measured on retraction of the surfaces. The line is

a guide to the eye showing the oscillatory nature of the force law. In

the region between 1.5 nm and 4.0 nm (dashed line) there may be

further oscillations in the force law: this was not investigated in the

present study (we focus on the higher pressure behavior), where data

points were only collected on approach of the surfaces in this region.

Attractive regions are manifested as ‘jumps-in’ due to a spring

instability when dFN/dD 4 KN (dotted line regions), at which point

RTIL is squeezed out of the film and the surfaces approach to the

next closest stable region. Energy minima are similarly detected as

jumps-out as shown by arrows. The repulsive regions at 1.08 ! 0.15 nm

and 0.23! 0.15 nm correspond to three layers (‘‘n= 3’’) and one layer

(‘‘n = 1’’) of ions between the mica sheets, respectively, as shown in

the inset and described in the text.
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ligand-stripping agents helped expose the undercoordinated electro-
philic metal sites at the NC surface. Nucleophilic halide and pseudohal-
ide anions interact with these sites as σ -donors (for example, Cl− and 
SCN− very efficiently bind to Cd2+ sites at CdSe NC surfaces15,16). 
The binding of SCN− ions to QD surfaces was directly observed in IR 
absorption spectra (Extended Data Fig. 2e).

Inorganic nanoparticles form colloids in room temperature ionic 
liquids (ILs)17–20, which are organic analogues of inorganic molten 
salts. Our studies of CdSe NCs in various ILs revealed two distinct 
mechanisms for the latter to support NC colloidal stability. First, stable 
colloids formed when the organic ligands on NCs could be efficiently 
solvated by the IL, as in the case of oleate-capped CdSe NCs dispersed 
in highly hydrophobic trihexyl(tetradecyl)phosphonium bis(2,4,4- 
trimethylpentylphosphinate) IL. NCs dispersed in such ILs pre-
served their original organic ligand shells (Extended Data Fig. 5 and 
Supplementary Discussion). The steric repulsion of organic ligands can 
explain the stability of many reported NC colloids in ILs. Second, we also 
observed stable colloids in hydrophilic ILs that could not efficiently solvate 
NC ligands, but contained ions with sufficient nucleophilicity and affinity 
for the NC surface (for example, Cl− in 1-butyl-3-methylimidazolium  
chloride, [BMIM]+Cl−). CdSe NCs formed stable colloids in 
[BMIM]+Cl− after the original organic ligands were displaced from 
the NC surface by Cl− ions (Extended Data Fig. 5 and Supplementary 
Discussion). No colloidal stabilization occurred if ILs lacked anions with 
strong surface binding affinity (for example, [BMIM]+BF4

−, Extended 
Data Fig. 6a). Such behaviour of NCs in ILs corroborates the observations 
for NCs in molten inorganic salts. However, it should be noted that several 
recent studies reported very large, up to ∼ 10 nm, Debye screening lengths 
measured in pure organic ILs21,22 and explained by the low degree of dis-
sociation of ILs, which points to a qualitative difference in ionic equilibria 
between room temperature organic ILs and molten inorganic salts21.

To gain further insights into the origin of colloidal stability, we mod-
elled the interface between the CdSe crystal and molten KCl using 
molecular dynamics (MD) simulations (Fig. 3b and Supplementary 
Discussion). Solvent structuring takes place near every solid–liquid  
interface, regardless of the interaction between the surface and  
solvent2; it typically creates decaying solvent density oscillations that 
propagate for several molecular diameters23. Ion layering near inter-
faces has been reported in molten salts and organic ILs24, and it was 
also observed in our simulations. Near the interface with a chemically 
inert hard wall, both K+ and Cl− ions showed identical oscillatory  
density profiles that decayed to the bulk density within less than 0.5 nm 
(Fig. 3c, top panel). In contrast, cadmium-terminated [001] and [111] 
CdSe surfaces, which are the typical facets of zinc-blende-structure 
CdSe NCs25, induced a qualitatively different behaviour in the molten 
salt. In agreement with previous experimental data15, CdSe NCs 
showed a strong affinity towards Cl− ions that formed a dense, nearly 
epitaxial surface layer (see Supplementary Discussion). These co-ions 
templated strong ordering in the molten salt, with alternating K+ and 
Cl− shells extending into the liquid phase for about 2 nm (Fig. 3b  
and bottom panel in Fig. 3c). The ion shells created charge density 
oscillations around each NC, which were robust with respect to tem-
perature above Tm (Extended Data Fig. 7a, b).

When two NCs approach each other to a distance smaller than twice 
the length of the structured ion layers, the interference between charge 
density oscillations contributes to attraction or repulsion of the NC 
cores. To evaluate the free energy of this interaction, we carried out 
umbrella sampling simulations (Supplementary Discussion). For two 
parallel surfaces, the surface-templated charge density oscillations 
can interfere constructively or destructively, depending on the dis-
tance, which leads to an exponentially decaying oscillatory interaction 
energy (Fig. 3d). However, any tilt between the two surfaces causes 
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Figure 3 | The origin of colloidal stability in molten salts. a, Centre, 
relationship between colloidal stability and the chemical affinity of the  
NC surface (red) with species in the molten salt (represented by blue and 
green spheres). Corresponding examples of stable (right) and unstable  
(left) colloidal dispersions are shown in the photographs. b, A snapshot  
of MD simulation of the interface between the Cd-terminated [001] surface 
of a zinc-blende-structured CdSe crystal (left) and molten KCl (right).  
c, Density profiles of K+ and Cl− ions, showing the structuring of molten 
salt near the interface with a chemically inert wall (top) and with a  
Cd-terminated [001] (bottom) surface of zinc-blende CdSe crystal.  

The crystal surface templates strong ordering of the molten salt. 
d, e, Simulated free energy of ion structuring in molten KCl (blue dots) 
between two [001] CdSe surfaces parallel to each other (d) and tilted by 20° 
(e). See the Methods subsection ‘MD simulation and theoretical analysis of 
CdSe NC colloids in molten KCl’ for details of error bars. Black lines are the 
predictions from continuum Ginzburg–Landau theory. f, Simulated free 
energy of the interactions between two spheroid NCs (diameter 10 nm); 
shown are total energy, and contributions from ion layer structuring, and 
from van der Waals (vdW) and electrostatic double-layer interactions.
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Even contact surfaces that appear very smooth to the naked 

eye show a certain degree of roughness when seen under a 

microscope. Consequently, the electrically effective surface 

is a mere 1 % to 0.01 % of the apparent contact surface, 

depending on the contact force applied. It is this very small 

actual contact surface that is responsible for the so-called 

constriction resistance (see Fig. a, b).

The resistance is increased by the foreign layers that are 

frequently found on the contact surfaces (e.g. metal oxide 

layers or plastic deposits). It takes a sufficiently high contact 

force or heat generation due to the power loss to penetrate 

these layers. If the heat is too extreme, micro-welding 

occurs, leading to the so-called  “spot sticks”. The remaining 

electrically effective contact surface is termed “a-spots” (see 

Fig. c).

With frequent repetition of these processes – which may be 

caused by plug and unplug cycles, vibration or temperature 

cycles – the contact surface changes, rendering penetration 

of the foreign layer ever more difficult. The electrical 

contact will soon no longer have a constantly low transition 

resistance; the contact becomes unstable.

What causes the transition resistance in electrical contacts?

b) Closed contact

c) Closed contact (top view)

a) Open contact

Dynamics & shear!

Electrode interface 
& Field effects!
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1. Structure &  Colloidal Forces in ionic liquid!

and energy maxima between are due to disruption of the ordered
layering. The closest separation reached is 0.23 ! 0.15 nm
(relative to air-contact calibration), which is attributed to a
single layer composed predominantly of imidazolium cations
(‘n = 1’) between the negatively charged mica sheets. The
adjacent energy minimum at 1.08 ! 0.15 nm is attributed to
three layers of ions between the surfaces (‘n = 3’): a layer of
cations at each surface and a central layer containing excess
anions. These arrangements are shown schematically in the
inset to Fig. 2, and we justify this interpretation as follows.

The mica surfaces are negatively charged due to dissociation
of surface K+ ions into the surrounding RTIL where they are
solvated in the bulk liquid (the bulk [EMIM][EtSO4] has a
dielectric constant of e = 35.224). The negative mica charge is
compensated by an excess of [EMIM] cations in the region
near each surface:14–17 an ‘electrical double layer’. However
the double layer in RTILs is likely to be considerably different
to the well understood situation in aqueous electrolytes: the
ion-correlation effects in these dense coulombic systems are
expected to lead to over-compensation of surface charges and
oscillations in cation and anion charge density near the
charged surface.12 This has indeed been observed in recent
simulations14–16 and XRR experiments.17 In the particular
case of mica and imidazolium cations, previous experiments
have demonstrated the ion-exchange of K+ with imidazolium
on mica surfaces.25 We have calculated the [EMIM] cation size
using both molecular mechanics (CHARMM code) and a
semi-empirical package (MOPAC, PM3 method, restricted),
each confirming the following dimensions: (0.76 ! 0.03 nm) "
(0.36 ! 0.08 nm) " (0.22 ! 0.04 nm), with the uncertainty
arising from the available conformations of the ethyl group.
Therefore we propose that between the two mica surfaces at
the measured closest energy minimum of 0.23 ! 0.15 nm there
exists a layer predominantly composed of [EMIM] cations
(an [EMIM] ‘monolayer’ so-called ‘n=1’) lying with aromatic
rings parallel to the mica surface. This monolayer has a
positive surface charge density which closely compensates
the negative surface charge density of the two confining mica
sheets, although precise calculations are not meaningful since
we do not know the packing orientation of the ions. The next
energy minimum (at 1.08 ! 0.15 nm) must include equal
numbers of additional cations and anions in order to maintain
charge neutrality in the film, and therefore we propose this
consists of a monolayer of [EMIM] cations at each negative
mica surface and a mid-layer containing an excess of [EtSO4]
anions between (so-called ‘n = 3’). This alternate anion–
cation interfacial layering picture maintains electro-neutrality
in the films, and is in line with recent simulations and
experiments.14–17 We note that the orientations of the ions
and the degrees of exchange or excess between the layers in
these films cannot be determined from the present experiments.
The shear properties of the film were characterized by

applying a lateral motion to one surface and detecting the
shear force, FS, transmitted across the film to the other surface
at different values of surface separation (i.e. film thickness).
Three examples of this are shown in Fig. 3. FS remains at or
below the resolution of the measurement (e.g. Fig. 3A) for
D4 1.5 nm. When D= 1.08 ! 0.15 nm, corresponding to the
n= 3 film, a small yield force of FS,y E 5 mN is measured (e.g.
Fig. 3B, and weakly dependent on FN as described later) above
which value the surfaces slide smoothly past one another until
the shear direction is reversed. At a separation of D = 0.23 !
0.15 nm (n = 1) the surfaces remain coupled up to higher
values of FS before sliding occurs (Fig. 3C). There is no
observable difference between the static (FS,y) and the kinetic
(FS,k) shear force, i.e. there is no stiction before sliding or
stick-slip during sliding.
In order to study the effect of applied normal load on the

friction between the surfaces, we measured the shear forces at

Fig. 2 Interaction force, normalised by radius of curvature, between

mica surfaces across [EMIM][EtSO4] as a function of the surface

separation. Diamond data points (E) were recorded on approach

and circles (K) were measured on retraction of the surfaces. The line is

a guide to the eye showing the oscillatory nature of the force law. In

the region between 1.5 nm and 4.0 nm (dashed line) there may be

further oscillations in the force law: this was not investigated in the

present study (we focus on the higher pressure behavior), where data

points were only collected on approach of the surfaces in this region.

Attractive regions are manifested as ‘jumps-in’ due to a spring

instability when dFN/dD 4 KN (dotted line regions), at which point

RTIL is squeezed out of the film and the surfaces approach to the

next closest stable region. Energy minima are similarly detected as

jumps-out as shown by arrows. The repulsive regions at 1.08 ! 0.15 nm

and 0.23! 0.15 nm correspond to three layers (‘‘n= 3’’) and one layer

(‘‘n = 1’’) of ions between the mica sheets, respectively, as shown in

the inset and described in the text.
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ligand-stripping agents helped expose the undercoordinated electro-
philic metal sites at the NC surface. Nucleophilic halide and pseudohal-
ide anions interact with these sites as σ -donors (for example, Cl− and 
SCN− very efficiently bind to Cd2+ sites at CdSe NC surfaces15,16). 
The binding of SCN− ions to QD surfaces was directly observed in IR 
absorption spectra (Extended Data Fig. 2e).

Inorganic nanoparticles form colloids in room temperature ionic 
liquids (ILs)17–20, which are organic analogues of inorganic molten 
salts. Our studies of CdSe NCs in various ILs revealed two distinct 
mechanisms for the latter to support NC colloidal stability. First, stable 
colloids formed when the organic ligands on NCs could be efficiently 
solvated by the IL, as in the case of oleate-capped CdSe NCs dispersed 
in highly hydrophobic trihexyl(tetradecyl)phosphonium bis(2,4,4- 
trimethylpentylphosphinate) IL. NCs dispersed in such ILs pre-
served their original organic ligand shells (Extended Data Fig. 5 and 
Supplementary Discussion). The steric repulsion of organic ligands can 
explain the stability of many reported NC colloids in ILs. Second, we also 
observed stable colloids in hydrophilic ILs that could not efficiently solvate 
NC ligands, but contained ions with sufficient nucleophilicity and affinity 
for the NC surface (for example, Cl− in 1-butyl-3-methylimidazolium  
chloride, [BMIM]+Cl−). CdSe NCs formed stable colloids in 
[BMIM]+Cl− after the original organic ligands were displaced from 
the NC surface by Cl− ions (Extended Data Fig. 5 and Supplementary 
Discussion). No colloidal stabilization occurred if ILs lacked anions with 
strong surface binding affinity (for example, [BMIM]+BF4

−, Extended 
Data Fig. 6a). Such behaviour of NCs in ILs corroborates the observations 
for NCs in molten inorganic salts. However, it should be noted that several 
recent studies reported very large, up to ∼ 10 nm, Debye screening lengths 
measured in pure organic ILs21,22 and explained by the low degree of dis-
sociation of ILs, which points to a qualitative difference in ionic equilibria 
between room temperature organic ILs and molten inorganic salts21.

To gain further insights into the origin of colloidal stability, we mod-
elled the interface between the CdSe crystal and molten KCl using 
molecular dynamics (MD) simulations (Fig. 3b and Supplementary 
Discussion). Solvent structuring takes place near every solid–liquid  
interface, regardless of the interaction between the surface and  
solvent2; it typically creates decaying solvent density oscillations that 
propagate for several molecular diameters23. Ion layering near inter-
faces has been reported in molten salts and organic ILs24, and it was 
also observed in our simulations. Near the interface with a chemically 
inert hard wall, both K+ and Cl− ions showed identical oscillatory  
density profiles that decayed to the bulk density within less than 0.5 nm 
(Fig. 3c, top panel). In contrast, cadmium-terminated [001] and [111] 
CdSe surfaces, which are the typical facets of zinc-blende-structure 
CdSe NCs25, induced a qualitatively different behaviour in the molten 
salt. In agreement with previous experimental data15, CdSe NCs 
showed a strong affinity towards Cl− ions that formed a dense, nearly 
epitaxial surface layer (see Supplementary Discussion). These co-ions 
templated strong ordering in the molten salt, with alternating K+ and 
Cl− shells extending into the liquid phase for about 2 nm (Fig. 3b  
and bottom panel in Fig. 3c). The ion shells created charge density 
oscillations around each NC, which were robust with respect to tem-
perature above Tm (Extended Data Fig. 7a, b).

When two NCs approach each other to a distance smaller than twice 
the length of the structured ion layers, the interference between charge 
density oscillations contributes to attraction or repulsion of the NC 
cores. To evaluate the free energy of this interaction, we carried out 
umbrella sampling simulations (Supplementary Discussion). For two 
parallel surfaces, the surface-templated charge density oscillations 
can interfere constructively or destructively, depending on the dis-
tance, which leads to an exponentially decaying oscillatory interaction 
energy (Fig. 3d). However, any tilt between the two surfaces causes 
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Figure 3 | The origin of colloidal stability in molten salts. a, Centre, 
relationship between colloidal stability and the chemical affinity of the  
NC surface (red) with species in the molten salt (represented by blue and 
green spheres). Corresponding examples of stable (right) and unstable  
(left) colloidal dispersions are shown in the photographs. b, A snapshot  
of MD simulation of the interface between the Cd-terminated [001] surface 
of a zinc-blende-structured CdSe crystal (left) and molten KCl (right).  
c, Density profiles of K+ and Cl− ions, showing the structuring of molten 
salt near the interface with a chemically inert wall (top) and with a  
Cd-terminated [001] (bottom) surface of zinc-blende CdSe crystal.  

The crystal surface templates strong ordering of the molten salt. 
d, e, Simulated free energy of ion structuring in molten KCl (blue dots) 
between two [001] CdSe surfaces parallel to each other (d) and tilted by 20° 
(e). See the Methods subsection ‘MD simulation and theoretical analysis of 
CdSe NC colloids in molten KCl’ for details of error bars. Black lines are the 
predictions from continuum Ginzburg–Landau theory. f, Simulated free 
energy of the interactions between two spheroid NCs (diameter 10 nm); 
shown are total energy, and contributions from ion layer structuring, and 
from van der Waals (vdW) and electrostatic double-layer interactions.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Double layer & 
Colloidal forces!

Carla Perez-Martinez!
Oxford!

Alex Smith!
Geneva!

Alpha Lee!
Cambridge!



1. Structure &  Colloidal Forces in ionic liquid!



First….  surface forces in other liquids!

R. G. Hom and J. N. Israelachvili: Structural forces between surfaces 1403 

or (ii) a - O. 2 ml drop of liquid was injected between the 
surfaces. Identical results were obtained when either 
method (i) or (ii) was employed. The surfaces were 
then moved together and the distances and forces mea-
sured as described above. In the course of some experi-
ments with a drop of OMCTS between the surfaces the 
chamber was saturated with water vapor to ascertain 
the effect on the forces when the liquid became saturated 
with water (by absorption from the vapor). 

III. RESULTS 
A. General features of forces between surfaces across 
OMCTS 

Figures 2-4 show the forces measured in three 
separate experiments employing different pairs of mica 
sheets. They illustrate the typical variability obtained 
from one experiment to the next. This variability may 
be due in part to the different chemical composition and 
surface lattice spacing of the different micas used, but 
the water content and some other experimental conditions 

Distance; D (nm) 
FIG. 2. Experimental results of measurements of force F as 
a function of separation D between two curved mica surfaces of 
radius R = 1. 65 cm in OMCTS at 22°C. The arrows at P n and 
Qn. indicating inward jumps (from points .. ) and outward jumps 
(from points.) from unstable to stable positions, have a slope 
of KIR .., 104 N/m2 (see the text). Stable regions (points .) are 
shown by curves. while unstable regions are shown 
by dashed curves. The inset shows the peak-to-peak amplitudes 
of the oscillations P n-Qn as a function of D. The exponential 
decay length is 1.0 nm.. The results were reproducible over 
24 h. 
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FIG. 3. As in Fig. 2 but with a different pair of mica surfaces, 
with R = 0.74 cm. The peSk-to-peak amplitude decay length is 
1.2 nm. 

were also found to influence the quantitative aspect of the 
force law, as will be discussed later. The forces al-
ternate as a function of separation between attraction 
and repulSion, and the amplitude of these spatial oscil-
lations increases as the surfaces come closer together, 
with a final steep drop into a deep attractive well (ad-
hesion) when the surfaces come into molecular contact. 

In Sec. IIA it was pointed out that with the spring-de-
flection method of measuring forces, the system is un-
stable in regions where 8F/8n>K, where K is the stiff-
ness of the leaf spring supporting one of the mica sur-
faces. These unstable regions are shown by the dashed 
sections of the curve in Fig. 2. Thus, when the sur-
faces are brought towards each other in an experiment, 
once they reach an unstable region there is a jump in-
wards to the next stable region. These jumps take less 
than a second; we did not study tl}eir rates in detail. 
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FIG. 4. As in Fig. 2 but for a different pair of mica surfaces 
withR =0. 96 cm. The decay length is 1.2 nm. 
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Non-polar liquid!

H Y D R A T I O N  FORCES B E T W E E N  MICA S U R F A C E S  533 

From the results shown in Figs. 1-4 it is 
apparent that additional short-range repul- 
sive forces become dominant and prevent 
adhesive contact in a primary minimum 
above a certain concentration specific to 
each cation. In K ÷ solutions hydration forces 
were observed at concentrations above 4 
x 10 -5 M (in solutions of pH 5.7), which 
is the lowest bulk concentration of the series. 
At about the same pH, Cs + solutions exhibit 
hydration forces at and above 10-aM, 
whereas Na ÷ and Li + have hydration forces 
only at the higher bulk concentration of 
10 -2 and 6 x 10 -2 M, respectively. In each 
case the mica/water interfacial adhesion 
energy fell to zero as the repulsive hydra- 
tion forces overcame the van der Waals 
attraction. The measured energies (YSL) 
at the lower concentrations are given in the 
figure legends. 

It was pointed out in an earlier paper (10) 
that the mica surfaces immersed in water at 
p H -  6 have almost all surface K ÷ ions 
replaced by H ÷ ions and do not display 
hydration effects. The results in Figs. 1-4 

104~ l ' ' ' 
NoCI 

Z ; 

/ I 
0 10 20 30 

D/nm 
FIG. 2. Forces  measured  between mica surfaces in 

NaC1 solutions at pH 5.7. ©, 10 -2 M; 0 ,  1.4 × 10 -3 M; 
[2, 10 -4 M; II ,  4 × 10 -~ M. No hydrat ion forces were 
measured  in solutions up to 10 -3 M, hence force 
barriers were observed at D = 2 - 3  nm, with 3'SL 
= 4.0--5.2 mN m -1. At 10 -2 M hydrat ion forces re- 
move the pr imary minimum (i.e., 3'SL = 0). 
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FIG. 3. Forces measured between mica surfaces in 
KC1 solutions at pH 5.7. Q, 10 -3 M; D, 3 x 10 -4 M; 
II,  4 x 10 -5 M. In 4 x 10 -5 M no hydrat ion forces 
were present ,  hence the surfaces jumped  into a pr imary 
minimum from D = 2 nm (YSL = 3.4 mN m-l) .  At  10 -3 
and 10 -4 M strong hydrat ion forces prevented  pr imary 
minimum adhesion (YSL = 0). The inset shows the 
short-range forces in more detail. 

might therefore be explained simply in 
terms of an ion-exchange process in which 
the higher the degree of hydration (or 
assumed hydrated size) of the cation the 
higher the bulk concentration required to 
displace the H + ions from the mica surface 
and hence give rise to hydration forces. It 
has been noted previously that exchange 
of cations with clay mineral surfaces follows 
a lyotropic series, dependent on hydrated 
ion size (15). A much higher concentration 
is required for exchange of Li ÷ than Cs ÷. 
This behavior could be related to both the 
size of surface sites present on the clay 
minerals as well as to the strength of hydra- 
tion of the ion. 

The results shown in Figs. 1-4 suggest 
that hydration forces arise only once the cat- 
ions are actually held in some specific way 
to the mica surface, since, for example, no 
repulsive hydration force was observed in 
10 -2 M LiCl- -where  there must be many 
hydrated Li ÷ counterions between the mica 
surfaces in the overlapping double-layers, at 

Journal of Colloid and Interface Science, Vol. 83, No. 2, October 1981 
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Inter-surface force across ionic liquid!

C4C1im NTf2 

Perkin et al. 2009, 2011!
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Interpreted as structural force, with !
ion pair dimension as the wavelength!
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Perkin et al. 2011, 2012!

Inter-surface force across ionic liquid!



C6C1im NTf2 C4C1im NTf2 

More amphiphilic cation causes a switch…!
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Perkin et al. Chem. Commun. 2012!
Smith et al. J. Phys. Chem. Lett. 2014!
Smith et al. Phys. Rev. Lett. 2017!

More amphiphilic cation causes a switch…!
To bilayer structures!



Structural force as a function of concentration!

Propylene 
carbonate

[C4C1Pyrr]+

[NTf2] _ 

Miscible in all proportions at room temperature!



0.55 nm

0.80 nm

Propylene 
carbonate

? ?!

The two limiting cases: !
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Packing of Big & Small particles!
144506-3 Statt et al. J. Chem. Phys. 144, 144506 (2016)

FIG. 1. (a) Pair correlation functions gbb(r ) measured for the big colloids at ⌘s = 0.39,⌘b = 0.09 (1), ⌘s = 0.16,⌘b = 0.31 (2), and ⌘s = 0.09,⌘b = 0.415 (3).
Data o↵set for clarity. Corresponding confocal images of the mixture of red (2.9 µm) and green (1.88 µm) colloids are shown. The scale bar indicates 19 µm.
(b) Packing fractions in the (⌘b,⌘s)-plane at which experiments (triangles) and hard sphere simulations (circles) are performed. The size ratio q = 0.648 and
the total packing fraction ⌘tot=⌘s+⌘b is roughly 0.5. The line is the crossover-line calculated from PY approximation which terminates at ⌘b ⇡ 0.12.4 Above
this line the g i j(r ) show oscillations with wavelength ⇠�s, and below this line the wavelength is ⇠�b. We expect to find crossover on the experimental and
simulation paths near their intersection with the PY crossover-line.

di↵erent densities as shown in Fig. 1(b). The particle size and
polydispersity were determined using static light scattering
and the polydispersity was 5%. We note that the e↵ects of
polydispersity were examined in the DFT study by Grodon
et al. who found that for a rather broad bimodal distribution
of diameters a clear signature of crossover was present — see
Figs. 8 and 9 of Ref. 5. For a binary mixture the coordinates
of the two di↵erent particle species are tracked separately
and the overlaps between the two di↵erent particle types are
removed afterwards. From the coordinates of the colloids,
the pair correlation functions g

i j

(r) can be determined. An
example is shown for g

bb

(r) in Fig. 1(a).

III. ASYMPTOTIC DECAY IN THE ONE-COMPONENT
SYSTEM

As it can be challenging to determine directly the packing
fraction ⌘ in experiments,7,20 we fit the Fourier transform of the

hard sphere structure factor, given by the PY approximation,17

to the first two maxima in g(r) as obtained from the confocal
microscopy measurements. This procedure yields the values
of ⌘ given in Fig. 2(a).28 Experimental results for the decay
of h(r) are shown in Fig. 2(a) where the black lines are fits of
these data to the equation

rh(r) ⇠ Ae�↵0r cos(↵1r � ✓), r ! 1 (3)

which is the one-component version of Eq. (1). In this equation
↵0 and ↵1 are the imaginary and real parts of the leading order
pole of the structure factor. The poles are given by the complex
roots of

1 � ⇢ĉ(k) = 0, (4)

where ĉ(k) is the Fourier transform of the pair direct
correlation function at number density ⇢. There is an infinite
number of poles and the leading order pole k = ↵1 + i↵0
is that with the smallest imaginary part ↵0, closest to the

FIG. 2. Plots of ln |rh(r )| for a one component colloidal liquid for several packing fractions ⌘ as indicated: (a) experiment (b) simulations of the hard sphere
fluid. The curves are shifted vertically for clarity. The black lines are fits to Eq. (3) for the total correlation function h(r ), from which ↵0 and ↵1 are determined.
(c) Comparison of the values of ↵0 and ↵1 calculated from the experimental results (triangles) and from simulations (circles) and the PY approximation (line) for
the one component hard sphere fluid. The experimental results pertain to the five values of ⌘ given in (a). Simulation results cover the range from red ⌘ = 0.37
to blue ⌘ = 0.57. The PY result corresponds to the leading order pole for the hard sphere fluid, plotted from ⌘ = 0.35 to ⌘ = 0.62.

With colloids:!
Grodon et al., J. Chem. Phys. (2004)!

Baumgartl et al., Phys. Rev. Lett. (2007)!

Statt et al., J. Chem. Phys. (2016)!
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But this is not the end of the story for colloidal 
forces …!
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We combine direct surface force measurements with thermody-
namic arguments to demonstrate that pure ionic liquids are ex-
pected to behave as dilute weak electrolyte solutions, with typical
effective dissociated ion concentrations of less than 0.1% at room
temperature. We performed equilibrium force–distance measure-
ments across the common ionic liquid 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([C4mim][NTf2]) using a surface
forces apparatus with in situ electrochemical control and quanti-
tatively modeled these measurements using the van der Waals
and electrostatic double-layer forces of the Derjaguin–Landau–
Verwey–Overbeek theory with an additive repulsive steric (entro-
pic) ion–surface binding force. Our results indicate that ionic
liquids screen charged surfaces through the formation of both
bound (Stern) and diffuse electric double layers, where the diffuse
double layer is comprised of effectively dissociated ionic liquid
ions. Additionally, we used the energetics of thermally dissociat-
ing ions in a dielectric medium to quantitatively predict the equi-
librium for the effective dissociation reaction of [C4mim][NTf2]
ions, in excellent agreement with the measured Debye length. Our
results clearly demonstrate that, outside of the bound double
layer, most of the ions in [C4mim][NTf2] are not effectively disso-
ciated and thus do not contribute to electrostatic screening. We
also provide a general, molecular-scale framework for designing
ionic liquids with significantly increased dissociated charge densi-
ties via judiciously balancing ion pair interactions with bulk dielec-
tric properties. Our results clear up several inconsistencies that
have hampered scientific progress in this important area and guide
the rational design of unique, high–free-ion density ionic liquids
and ionic liquid blends.

Boltzmann distribution | electrostatic interaction | interfacial phenomena

Ionic liquids are fluids composed solely of ions (1, 2). Much of
the recent scientific interest surrounding ionic liquids derives

from the fact that ionic liquids have been demonstrated for nu-
merous applications, such as safe, high-efficiency electrochemical
storage devices (3, 4), self-assembly media (5), and lubrication (6).
A key paradigm within ionic liquids research is that the physical
properties of ionic liquids can be controlled to an unprecedented
degree through the judicious design of cation–anion pairs (1–9).
Thus, ionic liquids are known as “designer” solvents/materials (1).
However, fully realizing this advantage requires the development
of a comprehensive framework that can be used to rationalize the
relationship between an ionic liquid’s molecular structure and its
bulk and interfacial behavior and properties, which are governed
by a complex interplay of coulomb, van der Waals, dipole, hy-
drogen bonding, and steric interactions (10, 11).
Recent work has greatly progressed a fundamental under-

standing of ionic liquids at charged interfaces, but there are
currently inconsistencies between experiment and theory (4, 7–9,
12–23); this is particularly true for the ranges of surface-induced
ordering and electrostatic screening. For example, a comparison
of the values obtained from ionic conductivity and ion diffusion
coefficient measurements with ionic liquid electrolytes led to the
postulation that ionic liquids behave as highly dissociated elec-
trolytes with an immense concentration of free ions in solution,
where typical ionic liquids are expected to exhibit effective free-

ion concentrations on the order of 50–80% of the maximum ion
density (24, 25). With such high effective free-ion concentrations,
the Debye lengths for typical ionic liquids, κ−1, should be on the
order of 0.1 Å (4, 9), which is at least 1–2 orders of magnitude
smaller than the molecular dimensions of even the smallest ionic
liquid cations and anions. This discrepancy is typically provided
as evidence that ionic liquids should completely electrostatically
screen charged surfaces within several bound (Stern) ion layers
(1–2 nm), beyond which charged surfaces no longer impact ion
density or ordering (9, 21–23). This screening behavior has been
observed in theoretical studies involving simplified model ionic
liquids (9, 21–23).
In contrast, X-ray reflectivity, atomic force microscopy (AFM),

and surface forces apparatus (SFA) measurements have shown
that strong ion–surface interactions can induce ion ordering that
extends up to 10 nm into solution (per surface) (12–20). Notably,
the sign and magnitude of the charge density intrinsic to solid
surfaces are crucial determinants for the ranges of the surface-
induced ordering and for the templating of the specific structure
formed by the bound ion layers (19, 20). For example, a combined
X-ray reflectivity–molecular dynamics study on ionic liquid–solid
interfaces demonstrates that replacing a neutral graphene surface
with a negatively charged muscovite mica surface leads to a sub-
stantial increase in the range of surface-induced ion ordering
and changes the structure of the bound ion layers from a mixed
cation–anion layering motif to an alternating cation–anion layering
structure (20).
Furthermore, a study of the differential capacitance of ionic

liquids at electrode surfaces indicates that ionic liquids electro-
statically screen charged surfaces through the formation of elec-
tric double layers consisting of distinct inner (bound/compact)
and outer (diffuse) double layers (26). This screeningmechanism is
consistent with proposedmodels, analogous to theGouy–Chapman–
Sternmodel for dilute electrolyte solutions (27, 28). Nevertheless,
the prevailing picture is that ionic liquids should behave as highly
concentrated, but largely dissociated, electrolyte solutions.
Here, we report quantitative equilibrium force–distance mea-

surements of two dissimilarly charged surfaces: single-crystalline
muscovite mica and molecularly smooth, polycrystalline gold
(0.2 nm rms roughness), interacting across an ionic liquid—1-
butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([C4mim][NTf2]) (Fig. 1B)—using the electrochemical (EC) SFA
technique described in Fig. 1A. These results were quantitatively
modeled using the van der Waals and electrostatic double-layer
forces of the Derjaguin–Landau–Verwey–Overbeek (DLVO)
theory with an additive monotonic repulsive steric (entropic)
ion–surface binding force. Additionally, we propose a general,
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attractive to repulsive (or vice versa) at finite distances. Fig. 2 B and
C shows the relative magnitude and distance dependence of each
of the three calculated force contributions, as well as the total
calculated force–distance potential (the contributions are addi-
tive) for ΔU = +500 mV and OCP. Importantly, although the
electrochemical potential that is applied to the gold surface, ΔU,

ultimately determines the OHP charge density of the isolated
gold surface, σAu, there is no equation that directly relates the
two values; the value of σAu must be determined by fitting the
measured force–distance profiles.
The long-range interaction forces are well fitted by a Debye

screening length of κ−1 = 11 ± 2 nm for all applied potentials,

Fig. 2. Points correspond to experimental data and solid lines correspond to forces calculated using Eq. 1. (A) Representative equilibrium force–distance, F
(D), profiles measured between mica and gold on approach. Measurements were taken while monitoring the open circuit potential (OCP) (red) and at three
different applied potentials, ΔU, across the ionic liquid [C4mim][NTf2]. Inset shows the same data for distances of D < 10 nm. Equilibrium F(D) profiles
measured on retraction are reversible and are shown in Fig. S1. (B and C) Distance dependence of the individual and total calculated interaction potentials for
(B) ΔU = OCP and (C) ΔU = +500 mV. Calculations for ΔU = −500 and 0 mV can be found in Fig. S3.

Table 1. Measured, calculated, and fitted parameters using Eq. 1

Eq. 1 parameters
Applied potential,

ΔU; −500 mV
Sensed potential,
OCP; −140 mV

Applied potential,
ΔU; 0 mV

Applied potential,
ΔU; +500 mV

Gold surface charge density, σAu; mC/m2 0 ± 0.1 0 ± 0.1 0.4 ± 0.1 3.6 ± 0.1
Mica surface potential, ΨM; mV −198 ± 8 −191 ± 8 −196 ± 8 −193 ± 5
Debye length, κ−1; nm 13 ± 2 12 ± 2 12 ± 2 10 ± 2
Total dissociated ion concentration, Ci; M 0.8 ± 0.3 × 10−4 0.9 ± 0.3 × 10−4 0.9 ± 0.3 × 10−4 1.4 ± 0.3 × 10−4
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A puzzling length scale!!



Beyond the structural force there is a longer 
range force !

-5

0

5

F N
/R

 (m
N

/m
)

642
D (nm)

[C4C1Pyrr][NTf2]

0.1

2

3

4
5
6

1

2

3

4
5
6

10

F N
/R

 (m
N

/m
)

20151050
Surface Separation, D (nm)

-5

0

5

F N
/R

 (m
N

/m
)

642
D (nm)

[C4C1Pyrr][NTf2]

0.1

2

3

4
5
6

1

2

3

4
5
6

10

F N
/R

 (m
N

/m
)

20151050
Surface Separation, D (nm)

Smith, Lee & Perkin, J. Phys. Chem. Lett. 2016!
& see Gebbie et al. PNAS 2013, 2015!
Espinoza et al 2015; Rutland et al. 2017.!
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Roughly 60 ion diameters.!
A puzzling length scale!!

?!

To be discussed 
by A.Lee in the 
next lecture!!



4

Even contact surfaces that appear very smooth to the naked 

eye show a certain degree of roughness when seen under a 

microscope. Consequently, the electrically effective surface 

is a mere 1 % to 0.01 % of the apparent contact surface, 

depending on the contact force applied. It is this very small 

actual contact surface that is responsible for the so-called 

constriction resistance (see Fig. a, b).

The resistance is increased by the foreign layers that are 

frequently found on the contact surfaces (e.g. metal oxide 

layers or plastic deposits). It takes a sufficiently high contact 

force or heat generation due to the power loss to penetrate 

these layers. If the heat is too extreme, micro-welding 

occurs, leading to the so-called  “spot sticks”. The remaining 

electrically effective contact surface is termed “a-spots” (see 

Fig. c).

With frequent repetition of these processes – which may be 

caused by plug and unplug cycles, vibration or temperature 

cycles – the contact surface changes, rendering penetration 

of the foreign layer ever more difficult. The electrical 

contact will soon no longer have a constantly low transition 

resistance; the contact becomes unstable.

What causes the transition resistance in electrical contacts?

b) Closed contact

c) Closed contact (top view)

a) Open contact

Dynamics & shear!

2. Dynamics & Shear!

Alex Smith!
Geneva!



FL 

xs (vS) 

FN 

[C4C1Pyrr]	[NTf2]	

Probe shear dynamics with  
precisely defined film thickness 

2. Dynamics & Shear!
Friction across ionic liquids!
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Example of the raw data (time trace)!



 
 
 
 
 

FS,k = 28.1 µN 

FS,k = 18.6 µN 
FS,k = 22.9 µN 

FN = 160.4 µN 
FN = 94.6 µN 

FN = 52.6 µN 

VS = 205 nms-1 

Variation with load (but fixed number of layers!)!

FS 

VS 

FN 

D = 3.3 nm 
i = 7 



Fric9on	depends	most	strongly	on	
number	of	ion	layers;	much	less	
on	applied	load.		

Normal	forces	

Page 32 

μ	=	0.082	

μ	=	0.125	

μ	=	0.172	

μ	=	0.812	

FricEon	forces	
Discrete ‘Quantized’ Friction Regimes!



Observe:	Increasing	μ	with	decreasing	#	layers			

Conclude:	Shear	occurs	
at	the	mid-planes	

Conclude:	
(i)	Inter-layer	slip		

	or	
(ii)	2D	shear-melt		

Observe:	Finite	yield	stress;	independence	of	velocity	

[ FN = 52.6 µN ] 

205 nms-1 512 nms-1 1024 nms-1 

Quantized Friction – Mechanism?!

Perkin et al. PCCP 2010!
Smith et al. PCCP 2013!
Smith et al. J. Phys. Chem. Lett. 2014!



Electrode interface 
& Field effects!

v

3. Molecular effects at electrode interfaces!
& effect of applied of fields!



3. Molecular effects at electrode interfaces!
& effect of applied of fields!

Quite tricky. The electrodes must be:!
•  Large (~ cm2) !
•  Smooth at the molecular scale!
•  Transparent in visible!
!

v	



“ I know, let’s just put some 
graphene here and here!” !
!

3. Molecular effects at electrode interfaces!
& effect of applied of fields!



Can we build a graphene-SFB?!

Nico Cousens!
Oxford!

Christian van Engers!
Oxford!

Marco Balabajew!
Oxford!



Few-layer graphene!

Graphene grown on Cu!

Single-layer graphene crystals, 
growth stopped before full coverage!



Graphene transfer from Cu to optical lens!



van Engers et al.  Nano Letters  2017  !

Graphene transfer from Cu to optical lens!

Δh ~ 170nm 
over 4mm 
diameter of lens!



van Engers et al.  Nano Letters  2017  !

Graphene was first grown by CVD on polycrystalline Cu to
cover more than 99% of the Cu substrate. After synthesis, the
quality of the as-grown graphene was verified using Raman,
electron, and optical microscopy (see SI, Figures S2−S6). In
order to transfer the graphene onto the lenses (Figure S6), first
a layer of polystyrene (PS) was spin-coated onto graphene as a
polymer support. Then, the Cu substrate was etched using
ammonium persulfate. The graphene−PS assembly was rinsed
in ultrapure water and placed onto a piece of freshly cleaved
muscovite mica (supported on a thick rigid mica plate) so that
the graphene side of interest faced a smooth, contamination-
free mica surface.33 The PS support was then dissolved in
toluene before gluing the graphene sheet onto the Au-coated
cylindrical glass lenses of the SFB (Figure S1, steps 1A−D).

In order to glue the graphene onto the Au-coated cylindrical
lens, a film of epoxy was fabricated separately and then
deposited on the Au-coated surfaces to minimize roughness and
inhomogeneity. The epoxy film was prepared by spin-coating
from chloroform solution onto a thin flexible piece of freshly
cleaved muscovite mica (supported on a thick rigid mica plate).
This mica/epoxy assembly was then placed onto the Au-coated
lens with the epoxy side down and heated to the glass transition
temperature of the epoxy. After cooling down, the mica sheet
was stripped off in ultrapure water (Figure S1, steps 2A−C).
Acting as a template, the mica sheet left an epoxy layer with
uniform thickness and very smooth topography to be glued to
graphene. After drying and annealing the epoxy, the graphene/
mica assembly is placed onto the epoxy/SFB lens surface
(graphene side down). Subsequently the mica was stripped off

Figure 2. (a) Orientation of the surfaces relative to the spectrometer entrance slit. The ellipse indicates the contact position (b) Multiple reflections
between the Au-mirrors give rise to primary fringes (green solid lines), whereas reflections inside the epoxy layers (i.e., between the Au mirror and
the epoxy/graphene/air interface) produce secondary fringes (red dashed and blue dotted lines). (c) Exaggerated view of thickness inhomogeneities
of the epoxy layers in the yz plane. The lower surface (blue band in a) has a negligible curvature and produces secondary fringes with large radius of
curvature RS∥ at the contact position, reflecting the large-scale random inhomogeneities of the layer thickness T2 created by the layer fabrication
method. The upper surface (red band in a) has a radius of curvature RG that is influenced by the inhomogeneity in thickness T1 (i.e., T1 = T1(y)).
This inhomogeneity produces secondary fringes with curvature RS⊥.

Figure 3. (a) Experimental interferogram. The closely spaced curved lines correspond to the primary fringes. The thin dark vertical line is produced
by a speck of dust in the light path. The two large parabolic bands correspond to the secondary fringes used to determine RS⊥. The horizontal band
at 550−560 nm is the secondary fringe corresponding to RS∥. (b) Schematic showing the geometry used for the calculated interferogram. (c)
Interferogram calculated using the value for RS⊥ measured from the experimental interferogram shown in (a).

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b01181
Nano Lett. 2017, 17, 3815−3821

3817

Interpreting the interference spectra!



Nanofilms Between Graphene Electrodes !

2. Charging up 
a slit nanopore!

1. Applying fields 
(DC or AC) across 
nanofilms ! liquid film!v

+

-!

liquid film!

+

+
v

-!

Measure:!
!
Film thickness!
Force due to field!
Capacitance!
Current!
Shear/friction!



Applying AC electric field across pure IL!

[Informa9on	here	deleted	for	online	version;	
symposium	par9cipants	contact	S	Perkin	for	details]	



Summary!
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0.80 nm

high mol% salt

0.55 nm

low mol% salt
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Carla Perez-Martinez!
Oxford!

Alex Smith!
Geneva!

Alpha Lee!
Cambridge!

Nico Cousens!
Oxford!

Christian van Engers!
Oxford!

Marco Balabajew!
Oxford!

Graphene SFB!
&!

E-Field effects!

Structure and 
surface forces 

in ILs & 
concentrated 
electrolytes!



Thanks!

Perkin group in Oxford!
Dr Alex Smith (now Geneva)!
Sam Coles!
Christian van Engers!
Ellie Milnes-Smith!
Dr Carla Perez-Martinez!
Dr Romain Lhermerout!
Dr Marco Balabajew!
!
Collaborators!
Alpha Lee!
Nicole Grobert!
Bruno Zappone!
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